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Abstract
CHIBA UNIVERSITY
Graduate School of Engineering
Doctor of Engineering
Pneumatic fiber-reinforced elastomer actuators for full hand motion-assist
by Tapio Veli Juhani Tarvainen
Healthcare needs of the aging population have directed the field of Soft Ro-
botics towards developing cost-effective and safe wearable motion-assist gloves
for rehabilitation. However, current soft wearable actuators can only as-
sist simple grasping motions, while excluding finger abduction-adduction,
which is essential for manipulation tasks and grasping larger objects during
activities of daily living. Implementing this function in wearable actuators
is not trivial, as it may interfere with flexion-extension through the actua-
tor structure and connection to the hand, leading to e.g. flexion, when only
abduction is intended.
To address this gap in research, we developed novel multi-chamber struc-
tures and fiber-reinforcements for pneumatic elastomer actuators. The goal
was to provide a fundamental design for the actuators that would enable
the target motions, which included abduction-adduction of the fingers and
thumb, and flexion-extension of their three joints. Main methods were itera-
tive design, fabrication, and testing of prototypes.
Our approach included: 1. Exploration of internal chamber structure with
common reinforcement methods to achieve 2-DoF joint support; 2. Develop-
ing two novel reinforcement types to improve 2-DoF support and designing
a full-finger 3-joint assist actuator; 3. Concept verification by prototyping a
full 5-digit motion-assist glove.
The novelties and contributions were: 1. Design and evaluation of novel
multi-chamber actuator structures and reinforcement layouts for motion-assist
application; 2. Enabling motion assist in abduction-adduction and flexion-
extension directions simultaneously; 3. Developing motion-assist actuator
evaluation methods.
This Doctoral project contributes to the field by providing essential in-
sight to the design of fiber-reinforced elastomer actuators and provides the
basis for enabling versatile function for wearable motion-assist glove sys-
tems. Besides wearable devices, the findings can be applied also generally in
the field of Soft Robotics.

vAcknowledgements
I would like to acknowledge all the people who have accompanied me in
this journey and given their support during these four and a half years.
First, I am particularly grateful to Professor Yu for taking me into his lab,
making this research possible, and especially for his trust and patience as
my supervisor. I would also like to thank Professor Igarashi from Center for
Frontier Medical Engineering, and my review board members Professor Shi-
momura, Professor Namiki, and Professor Sugita for their advice and com-
ments, which helped me form my ideas on the topic. Furthermore, I wish
to acknowledge the help provided by our laboratory’s secretary Osugi and
technical support staff member Sekine. Their assistance made acquiring tools
and materials much smoother.
I am grateful to Chiba University and its staff for enabling my studies, and
Japanese Ministry of Education, Culture, Sports, Science and Technology for
providing funding for the first three years of my Doctoral studies with the
MEXT scholarship.
I would like to thank all my labmates for providing a pleasant working
environment. Especially Shiota, River, Kaku, and Kokubu, who worked on
soft robotics with me, deserve my gratitude for their effort and ideas.
All the many friends I have in Finland and Japan deserve my gratitude for
their friendship and times we spent together. Especially Jose David, Nevrez,
Mika, Jacobo and Ana, I˙lker and Pınar, and Yui helped me along the way
with their support and giving perspective on research and life overall.
Finally, I give my heartfelt thanks to my family for their unconditional
support in this endeavor, especially my aunt Tiina for encouraging me on
the academic path, and Sachiko for being beside me and keeping me sane in
the latter half of my studies.
Chiba, February 13, 2019
Tapio V. J. Tarvainen

vii
Contents
Abstract iii
Acknowledgements v
1 Introduction 1
1.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Disabilities of the hand and its rehabilitation . . . . . . . . . . 1
1.3 Soft robotics for hand rehabilitation . . . . . . . . . . . . . . . 3
1.4 Fiber-reinforced elastomer actuators . . . . . . . . . . . . . . . 5
1.5 Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Goals, limitations, and contributions . . . . . . . . . . . . . . . 7
1.6.1 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . 8
1.7 Structure of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2 Research methodology 9
2.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Iterative soft actuator development . . . . . . . . . . . . . . . . 9
2.2.1 Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Prototyping . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.3 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Preliminary study . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.1 Actuator design . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Actuator fabrication . . . . . . . . . . . . . . . . . . . . 12
2.3.3 Motion and force output measurements . . . . . . . . . 14
2.3.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3 Multi-chamber actuators for MCP joint flexion and abduction-adduction 19
3.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2.1 Background and related research . . . . . . . . . . . . . 19
3.2.2 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 Prototype design . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3.1 Functional requirements . . . . . . . . . . . . . . . . . . 20
3.3.2 General prototype design specifications . . . . . . . . . 21
3.3.3 Simple side-chambers . . . . . . . . . . . . . . . . . . . 22
3.3.4 Opposing side-chambers . . . . . . . . . . . . . . . . . 23
viii
3.3.5 Parallel chambers . . . . . . . . . . . . . . . . . . . . . . 23
3.4 Prototype fabrication and evaluation . . . . . . . . . . . . . . . 24
3.4.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4.2 Trajectory measurements . . . . . . . . . . . . . . . . . 25
3.4.3 Torque measurements . . . . . . . . . . . . . . . . . . . 26
3.4.4 Joint internal force measurements . . . . . . . . . . . . 28
3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.5.1 Trajectory, flexion . . . . . . . . . . . . . . . . . . . . . . 28
3.5.2 Trajectory, abduction-adduction . . . . . . . . . . . . . 30
3.5.3 Torque, flexion . . . . . . . . . . . . . . . . . . . . . . . 32
3.5.4 Torque, abduction-adduction . . . . . . . . . . . . . . . 34
3.5.5 Joint internal forces . . . . . . . . . . . . . . . . . . . . . 36
3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.6.1 Comparison of prototype performance . . . . . . . . . 38
3.6.2 Actuator structure improvements . . . . . . . . . . . . 42
3.6.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4 New layouts of fiber reinforcements for full finger support actuators 47
4.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2.1 Related research . . . . . . . . . . . . . . . . . . . . . . 47
4.2.2 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3 Actuator Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.3.1 Functional requirements . . . . . . . . . . . . . . . . . . 49
4.3.2 Actuator structure . . . . . . . . . . . . . . . . . . . . . 50
4.3.3 Fiber reinforcements . . . . . . . . . . . . . . . . . . . . 51
4.4 Prototype fabrication and evaluation . . . . . . . . . . . . . . . 53
4.4.1 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.4.2 Dummy finger . . . . . . . . . . . . . . . . . . . . . . . 55
4.4.3 Motion capture measurements . . . . . . . . . . . . . . 56
4.4.4 Joint torque and fingertip force measurements . . . . . 57
4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.5.1 MCP joint flexion . . . . . . . . . . . . . . . . . . . . . . 59
4.5.2 MCP joint abduction-adduction . . . . . . . . . . . . . 59
4.5.3 IP joint flexion . . . . . . . . . . . . . . . . . . . . . . . . 61
4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.6.1 MCP joint assist . . . . . . . . . . . . . . . . . . . . . . . 63
4.6.2 IP joint assist . . . . . . . . . . . . . . . . . . . . . . . . 64
4.6.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5 Hand assist glove implementation 67
5.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.2.1 Related research . . . . . . . . . . . . . . . . . . . . . . 67
5.2.2 Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.3 Design and prototyping . . . . . . . . . . . . . . . . . . . . . . 68
ix
5.3.1 Initial prototypes and patient collaboration . . . . . . . 68
5.3.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . 69
5.3.3 Final prototypes . . . . . . . . . . . . . . . . . . . . . . 69
5.4 Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.4.1 Range of motion . . . . . . . . . . . . . . . . . . . . . . 74
5.4.2 Daily life object manipulation . . . . . . . . . . . . . . . 74
5.4.3 Actuator input control . . . . . . . . . . . . . . . . . . . 75
5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.5.1 First iteration glove . . . . . . . . . . . . . . . . . . . . . 75
5.5.2 Second iteration glove . . . . . . . . . . . . . . . . . . . 77
5.5.3 Third iteration glove . . . . . . . . . . . . . . . . . . . . 82
5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.6.1 Glove performance and improvements . . . . . . . . . 85
5.6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
6 Conclusions and future work 89
6.1 Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.2 Summary of contributions . . . . . . . . . . . . . . . . . . . . . 89
6.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Bibliography 92

xi
List of Figures
1.1 Structure of the human hand . . . . . . . . . . . . . . . . . . . 2
2.1 Cross-section of basic actuator structure . . . . . . . . . . . . . 12
2.2 Initial mold design . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3 2-chamber prototype after placing reinforcement fiber . . . . . 13
2.4 Actuator tip force measurement setup . . . . . . . . . . . . . . 14
2.5 Actuator motion photos . . . . . . . . . . . . . . . . . . . . . . 16
2.6 Cut prototypes cross-section . . . . . . . . . . . . . . . . . . . . 16
3.1 Transverse and longitudinal cross-sections of MCP actuators . 22
3.2 Four different reinforcement layouts for MCP actuators . . . . 22
3.3 Five tested MCP actuator prototypes . . . . . . . . . . . . . . . 25
3.4 Motion capture marker setup . . . . . . . . . . . . . . . . . . . 26
3.5 Torque measurement setup, single joint dummy . . . . . . . . 27
3.6 Joint internal forces measurement setup . . . . . . . . . . . . . 28
3.7 Flexion trajectory results . . . . . . . . . . . . . . . . . . . . . . 30
3.8 Abduction-adduction trajectory results . . . . . . . . . . . . . 32
3.9 Flexion torque measurement results . . . . . . . . . . . . . . . 33
3.10 Abduction-adduction torque measurement results . . . . . . . 35
3.11 Prototype deformation at maximum pressure . . . . . . . . . . 36
3.12 Joint internal force results . . . . . . . . . . . . . . . . . . . . . 37
4.1 CAD drawings of designed actuators . . . . . . . . . . . . . . . 50
4.2 Function of MCP part internal geometry . . . . . . . . . . . . . 51
4.3 Studied fiber reinforcements . . . . . . . . . . . . . . . . . . . . 52
4.4 Actuator fabrication flow . . . . . . . . . . . . . . . . . . . . . . 54
4.5 Dummy finger CAD . . . . . . . . . . . . . . . . . . . . . . . . 55
4.6 Motion capture measurement setup . . . . . . . . . . . . . . . 57
4.7 Torque measurement setups . . . . . . . . . . . . . . . . . . . . 58
4.8 MCP flexion results . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.9 Abduction-adduction motion capture results . . . . . . . . . . 60
4.10 Abduction-adduction torque results . . . . . . . . . . . . . . . 61
4.11 IP flexion motion capture results . . . . . . . . . . . . . . . . . 61
4.12 IP flexion fingertip force results . . . . . . . . . . . . . . . . . . 62
5.1 Previous glove prototypes . . . . . . . . . . . . . . . . . . . . . 68
5.2 First full glove prototype . . . . . . . . . . . . . . . . . . . . . . 71
5.3 Second full glove prototype . . . . . . . . . . . . . . . . . . . . 72
5.4 Third full glove prototype . . . . . . . . . . . . . . . . . . . . . 73
5.5 Daily life objects . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
xii
5.6 1st glove hand motion photos . . . . . . . . . . . . . . . . . . . 76
5.7 1st glove multiple chamber actuation photos . . . . . . . . . . 77
5.8 2nd glove combined adduction and flexion . . . . . . . . . . . 78
5.9 2nd glove finger motion photos . . . . . . . . . . . . . . . . . . 79
5.10 2nd glove thumb motion photos . . . . . . . . . . . . . . . . . 80
5.11 Actuator pouch cut open . . . . . . . . . . . . . . . . . . . . . . 82
5.12 3rd glove patient experiment photos . . . . . . . . . . . . . . . 83
5.13 Modification to glove over web space . . . . . . . . . . . . . . 84
xiii
List of Tables
2.1 Used elastomer materials’ properties . . . . . . . . . . . . . . . 10
2.2 Actuator tip angle and force results . . . . . . . . . . . . . . . . 15
3.1 Maximum flexion tip angles . . . . . . . . . . . . . . . . . . . . 29
3.2 Maximum abduction-adduction tip angles . . . . . . . . . . . 31
3.3 Maximum average flexion torques . . . . . . . . . . . . . . . . 33
3.4 Maximum average abduction-adduction torques . . . . . . . . 34
3.5 Comparison of tested prototypes . . . . . . . . . . . . . . . . . 38
4.1 Normal finger ranges of motion . . . . . . . . . . . . . . . . . . 49
4.2 Actuators torque requirements . . . . . . . . . . . . . . . . . . 50
4.3 Tested reinforcement layouts . . . . . . . . . . . . . . . . . . . 53
4.4 Dummy finger dimensions . . . . . . . . . . . . . . . . . . . . . 56
5.1 Dragon Skin silicone elastomer properties comparison . . . . 70
5.2 Healthy test subject’s hand size . . . . . . . . . . . . . . . . . . 70
5.3 Patient’s hand size . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.4 1st glove maximum joint angle results . . . . . . . . . . . . . . 75
5.5 2nd glove maximum joint angle results . . . . . . . . . . . . . 78
5.6 Object manipulation results (healthy) . . . . . . . . . . . . . . 80
5.7 Actuator pouch cut RoM results . . . . . . . . . . . . . . . . . . 81
5.8 Object manipulation results (patient) . . . . . . . . . . . . . . . 82

xv
List of Abbreviations
ADL Activity of Daily Living
CMC Carpometacarpal (joint)
DIP Distal interphalangeal (joint)
DoA Degree of Actuation
DoF Degree of Freedom
DP Distal phalanx (bone)
IP Interphalangeal (joint)
MP Medial phalanx (bone), or thumb metacarpophalangeal (joint)
MCP Metacarpophalangeal (joint)
PIP Proximal interphalangeal (joint)
PP Proximal phalanx (bone)
RoM Range of Motion

1Chapter 1
Introduction
1.1 Preface
In this chapter we provide a background, motivation, and goals for this Doc-
toral project. First, we discuss hand disabilities and its rehabilitation. Then,
we provide a brief literature review on recently developed soft robotic wear-
able devices that can be used for assisting hand motion and for doing reha-
bilitation exercises. After this, we consider the most common actuator type
used in these motion-assist devices, the fiber-reinforced fluidic elastomer ac-
tuator. In the last sections of this chapter we discuss the project’s challenges,
goals, limitations, and contributions, and finally introduce the structure of
this thesis.
1.2 Disabilities of the hand and its rehabilitation
Probability of stroke, physical trauma, and disease related disabilities in-
crease with age, as the body becomes more fragile. These disabilities require
rehabilitation therapy to support us in staying as functioning members of
society. Thus, the population aging all around the world, in countries like
Japan, Finland, and China, leads to rising demand for healthcare.
Stroke is one of the most common age related illness, which causes sen-
sory and motor paralysis. This often leads to hand function loss with major
effects on activities of daily living (ADLs). After a stroke there is an ap-
proximately three-month window for most of the neurological recovery to
happen [1]. During this sensitive period, intensive rehabilitation is required
to achieve full potential recovery [1, 2]. Other hand disabling illnesses, or
conditions, that require rehabilitation are e.g. spinal cord injury, neuropathy,
physical trauma, or recovery from surgery.
Hand rehabilitation exercises are done with the aim to recover lost func-
tions by mobilizing and activating as many of the joints and muscles of the
hand (Figure 1.1) as possible. This reduces muscle and joint stiffness, mini-
mizes loss of muscle and bone mass, and prevents possible formation of scar
tissue [3]. These hand exercises are often summarized into six simple mo-
tions, referred to as 6-pack. They include, with some variation:
1. Flexion-extension of finger metacarpophalangeal (MCP) and thumb car-
pometacarpal joints
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2. Flexion-extension of interphalangeal (IP) joints to form a hook
3. Flexion-extension of MCP and proximal IP joints
4. Forming a fist
5. Finger and thumb abduction-adduction
6. Thumb opposition to each finger, and sliding thumb from the tip of
little finger to its base
(a) Bones and joints. (b) Muscles and connecting tissues.
FIGURE 1.1: Structures of the left hand, palmar view. Adapted
from [4].
Based on guidelines [5], patients recovering from stroke should get a min-
imum of 45 min per day of each appropriate therapy that is required. This
should be done for minimum of 5 days a week, for as long as they benefit
from the therapy and tolerate it. From the beginning of recovery, the pa-
tients who have some movement ability should be given every opportunity
to practice activities within their capacity. Furthermore, long-term use of
training exercises is recommended after a stroke, also after returning home,
to continue the improvement of ability in ADLs [6].
Based on Mayo et al. [7], early return to home and normal social envi-
ronment after stroke, combined with home rehabilitation, seem to improve
higher-level function and satisfaction with community reintegration. This
leads to better physical health, comparing to longer hospital stay and con-
ventional rehabilitation.
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On the other hand, hospitalization, especially in the case of elderly peo-
ple, may lead to further deterioration of overall condition of the patient, even
if the condition they came there for is cured. As Creditor [8] states: “Hospi-
talization and bed rest superimpose factors such as enforced immobilization,
reduction of plasma volume, accelerated bone loss, increased closing volume,
and sensory deprivation. Any of these factors may thrust vulnerable older
persons into a state of irreversible functional decline.” There are several other
hazards related to hospitalization, an essential one being infections [9]. El-
derly people tend to have a weaker immune response, which leads to higher
probability of infections while in inpatient care [10]. Naturally, also the cost
of hospitalization and limited healthcare service resources are essential fac-
tors, when considering length of hospital stays.
Recent advances in technology and the aforementioned needs in reha-
bilitation and elderly support have driven development of medical devices
for supporting, protecting, and recovering the functions of the aging human
body [11–14].
1.3 Soft robotics for hand rehabilitation
Previous studies have shown that using robotic systems may improve the
quality and outcome of rehabilitation and ease the increasing workload of
therapists [14]. However, many of these devices are based on rigid mechan-
ics, which requires precision engineering to ensure safe forces and torques
on the joints [15]. This makes them expensive, bulky, and not easily portable,
which limits their use to the rehabilitation clinic and they are rarely avail-
able for at-home rehabilitation. The safety concerns and specialized parts
lead also to high cost, which is one of the main obstacles for introducing new
clinical products [13]. Furthermore, effective rehabilitation often requires ex-
ercises to be done at home. This leads to the need for easy to use, portable,
low-cost devices [13].
A solution could be found in the field of Soft Robotics that has been re-
ceiving increasing attention due to new developments in material and manu-
facturing technologies [15–18]. The developed soft robots have been applied
to several different uses due to their robustness and safety through compli-
ance [17], including robotic manipulation [19], and robust, flexible interaction
with the environment [20]. Recently several groups have started to develop
light and safe wearable devices that can be used for power-assist and reha-
bilitation [21–24]. There has also been an increasing interest in developing
soft wearables for hand assist and rehabilitation applications [13, 16].
Soft robotics can enable safe, effective and intensive exercises, specifically
in cases where safety and patient comfort are a priority [16]. As mentioned
before, after a stroke, there is an approximately three-month window for
most of the neurological recovery to happen, and intensive rehabilitation is
required during this sensitive period to enable full potential recovery [1, 2].
This has motivated research groups around the world to explore the design
space of soft actuators for affordable at-home hand motion assist and reha-
bilitation [16, 25]. These devices could enable earlier hospital discharge, as
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the patient could perform the exercises independently at home at his/her
own pace, having to go to the rehabilitation clinic only for control checks.
Several motion-assist glove systems have also been developed to the clinical
trial phase [16], e.g., by Polygerinos et al. [26] and Yap et al. [25].
However, to the best of our knowledge, soft actuators in soft robotic gloves
have enabled only assist of simple motions of the hand (power grasp, tripod
pinch, lateral pinch). Also, full separate, or simultaneous, motion assist of
all finger joints with a single wearable system has not been achieved [16].
Notably, previous studies have excluded finger abduction-adduction, which
is important in enabling many manipulation tasks and grasping of larger
objects during ADLs [27]. However, concentrating only on more general mo-
tions may leave fine manipulation functions unrecoverable after the critical
three-month period after stroke [1, 2, 28]. Furthermore, other impairments,
such as post-surgery stiffness, may require specifically exercises that include
abduction-adduction. Also, most studies [25, 26, 29–31] combine the motion
assist of the interphalangeal (IP) and metacarpophalangeal (MCP) joints to
be controlled by only one input, which then excludes multiple motion com-
binations that involve bending the joints separately.
Only Chua et al. [32] have concentrated on the sideways motion of the
fingers. Their device was designed to correct the posture of a finger that
is deformed due to rheumatoid arthritis by pressurizing and stiffening two
actuators attached to it. However, this was not the same as assistance of
abduction-adduction motion, as the device only pulled the bent finger to-
wards the centerline. Furthermore, they placed the other actuator under the
finger, removing the possibility of flexion-extension.
In another study by Yun et al. [33], an actuator was placed between the
thumb and index finger to provide sideways motion of the thumb’s car-
pometacarpal joint. This idea could be possibly expanded to include the
abduction-adduction of the fingers’ MCP joint, but they have not explored
this option.
The main difficulties in developing a fully assisting glove are in design-
ing the soft actuators to enable motion support of the fingers’ metacarpopha-
langeal (MCP) joint and the thumb’s carpometacarpal (CMC) joint, which
both have two degrees of freedom (DoFs). The actuators need to be designed
considering the shape of the hand and motions of its bones and soft tissues.
Therefore, there is a need to develop novel soft actuator structures to en-
able support for the fingers’ sideways abduction-adduction motion, while
providing actuation in the flexion-extension direction. One approach, which
we have taken in this Doctoral project, is to develop multi-chamber struc-
tures. This type of actuator structures have been applied successfully in
surgery-support application in the form of soft robotic tentacles. They can be
bent around full 360◦ by differential control of symmetrically placed cham-
bers’ inputs. So far however, fiber-reinforced actuators with multi-chamber
structures have not been applied to hand motion-assist.
In the next section we discuss more in depth how these actuators work
and how they are used in this application.
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1.4 Fiber-reinforced elastomer actuators
Fluidic fiber-reinforced elastomer actuators are especially interesting to be
coupled with the human body, because they can be designed into a wide va-
riety of structures that conform to its shape and motions. They consist of
elastomer chambers that are surrounded by embedded restricting and guid-
ing structures that are relatively inelastic comparing to the main body. Spe-
cific responses under pressure can be achieved by configuring these struc-
tures during the fabrication process [26, 34, 35]. For example, Polygerinos et
al. [26] have developed methods for programming the response by changing
the reinforcing structures in specific ways, including bending, twisting, and
extending, and their different combinations.
Several groups have developed different types of fluid-driven elastomer
actuators [23, 26, 36–38]. These actuators consist of one or more chambers,
inside an elastomer body, which is often reinforced with embedded strain-
limiting materials. When the chambers are pressurized, the actuator expands
like a balloon, and the expansion is guided by the structure’s designed con-
straints. This makes it exert forces and achieve motions and functions in
desired directions. The deformation constraints come from four basic design
principles [39]:
(1) Geometry of the elastomer structure [36, 40–43];
(2) Material properties and heterogeneity of the elastomer(s) used [41, 44];
(3) Material properties and geometry of embedded reinforcing materials
[44, 45];
(4) Environmental constraints [46,47], e.g., from an assisted finger and con-
nections to it.
First, controlling the expansion by adjusting the geometry of an otherwise
homogeneous material could be considered the simplest approach. Basi-
cally, thinner walls will deform more than thicker ones, due to their relatively
lower stiffness, when the actuator is pressurized. Also, the relative alignment
of separately expanding chambers has influences the actuator’s response, as
the passive chambers still affect the expansion of the active chambers through
the surrounding structures. For simple geometries, it is possible to estimate
the deformation by using basic beam equations [36, 48]. However, finite ele-
ment method is often used in simulation studies for estimating the response
of more complex geometries [49]. The effects of changing different structural
parameters, such as wall thickness, have been considered in several previous
studies, e.g. by Deimel and Brock [36], Polygerinos et al. [49], and Udupa et
al. [50].
Second, by having different types of elastomers arranged in the actua-
tor body, the ones with higher stiffness work as strain limiters for the more
elastic ones. Again, the relative stiffnesses define which parts of the actuator
deform the most. An example of this is a study on finger-like actuators by
Connolly et al. [44].
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Third, it is possible to change the relative stiffness by embedding differ-
ent types of materials into the elastomer body of the actuator. These struc-
tures can be for example a sheet or net that partially, or completely, limits the
strain of the side of the actuator it is embedded in [36, 49]. Reinforcement
threads, or fibers, can be also used by winding them around the actuator in
specific patterns and angles [45, 51]. This can be used for limiting radial ex-
pansion, and causes the actuator to bend, expand in length, or twist around
its longitudinal axis. Combining actuators in parallel with different patterns
of reinforcement fibers has also been tested by Bishop-Moser et al. [52].
Fourth, coupling the actuator to the object it moves and interacts with,
e.g. a finger or an object in the environment, defines the last restrictions for its
expansion. The different straps and sleeves that are used for the connection
restrict the actuator’s expansion [47], while the shape and mobility of the
finger add further constraints to the combined motion.
Although these four design principles may seem simple at first glance, the
nonlinear nature and complexity of the soft structures and materials make
the design task challenging due to a wide range of possible parameters that
need to be considered.
1.5 Challenges
The development of 2-DoF support actuators is not trivial. One has to con-
sider the constraints caused by the connected hand and the structure of the
actuator. The two axes of motion are perpendicular to each other, while the
joint under the actuator sets a strong constraint. 360◦ control for soft actua-
tors, by placing three chambers inside the actuator symmetrically, has been
shown previously in free motion. However, a simple symmetrical multi-
chamber design does not work directly in motion-assist, as one must consider
also the constraints from the human hand’s kinematics. The arising chal-
lenges include interference between the two functions through the actuator
structure and connection to the hand, and also restrictions in the actuator’s
physical dimensions due to its placement on the hand.
This leads to the challenge of developing novel multi-chamber structures
and reinforcements that are suitable for 2-DoF joint support application. The
multi-chamber structure’s geometry should provide directionality to the mo-
tion, while the reinforcements should support this directionality, partially
working against the constraints from the finger to make it move to the wanted
direction.
On the other hand, as the field of Soft Robotics is still relatively young,
evaluation methods for motion assist actuator function are still not well stan-
dardized. Rather, each study usually sets a slightly different evaluation setup
for its actuators depending on their size, shape, and application. For exam-
ple, before this study, most actuators were evaluated by measuring a straight
actuator’s tip force with its bending motion restricted by a horizontal block
(demonstrated in Chapter 2.3). While good for comparing soft actuator force
output, the transfer of actuator motion to the hand is not clearly shown in
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this type of measurement. Furthermore, as the goal was to evaluate the 2-
DoF joint assist, which had not been studied before, there were no previously
established methods. Thus, we needed to develop new ways for evaluating
the actuators’ function in a realistic way.
1.6 Goals, limitations, and contributions
1.6.1 Goals
The main goal of this Doctoral project was to develop new types of soft actu-
ators for wearable motion assist gloves that would allow patients to perform
a wider variety of rehabilitation exercises and manipulation tasks than with
the devices so far.
We aimed to provide a fundamental multi-chamber actuator design that
would enable the target motions for both the fingers and the thumb. The
target motions included flexion-extension of all the three joints of each digit,
and abduction-adduction of the MCP and CMC joints, which required 2-DoF
joint support.
To achieve these goals, novel multi-chamber structures and fiber-rein-
forcements for the actuators were designed and evaluated. We approached
this by iteratively designing, fabricating, and testing prototypes, which al-
lowed us to evaluate different designs and develop their fabrication meth-
ods in a flexible and fast way. Through this approach, new methods were
developed to enable fabrication of the designed actuator structures and for
evaluating their performance in the target motions.
1.6.2 Limitations
This Doctoral project was limited to prototyping actuators and evaluating
their function to provide a fundamental design for a working prototype. This
iterative design approach had the limitation that only a constrained range of
parameters could be tested based on the knowledge, experience, and intu-
ition of the designer. While simulations are often chosen as the starting point
of such a design task, here it was left as future work, for optimizing the ac-
tuators’ function through structural parameters that were discovered to be
essential.
For evaluating the prototypes’ function we took an engineering approach
by using dummy fingers that emulated the dimensions of real fingers. This
allowed us to measure more reliably the achieved forces, joint torques, and
ranges of motion for the connected fingers by removing the effects of soft
tissues and human interaction. However, this can also be seen as a limitation,
as the coupling of the actuator’s motion to the human skeleton is always
affected by soft tissues. Thus, in the end we also tested the actuators on
human hands, although only on a limited range of finger and hand sizes,
including one patient with left side hemiparesis. Furthermore, the effects of
different types of disabilities on the human–actuator interaction, such as joint
or muscle stiffness, were not included in the scope of this thesis.
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Finally, the other parts of a full home-use motion-assist glove system, in-
cluding control schemes, portable pressure generation, etc. were left out of
the scope of the project.
1.6.3 Contributions
The novelties and contributions of this Doctoral project were:
1. We designed and evaluated several new internal structures for the ac-
tuators (Chapter 3) to find a suitable multi-chamber geometry for en-
abling 2-DoF joint motion-assist. Furthermore, to reduce the interfer-
ence between the two DoFs, novel ways of placing fiber-reinforcements
were developed (Chapter 4). These were the first studies to explore use
of multi-chamber structures for 2-DoF joint motion-assist.
2. We showed that it is possible to use the developed actuators for mo-
tion assist in the abduction-adduction and flexion-extension directions
simultaneously (Chapters 3, 4, and 5).
3. We developed evaluation methods for motion-assist actuators. We used
dummy fingers to measure the flexion and abduction-adduction torques
and motions generated by the attached actuators. This gave better in-
formation on the actual torques that are transmitted to the connected
joints, comparing to measuring a subject’s hand with soft tissues and
possible human influence. We also used another type of dummy finger
to measure the pulling and shear forces within the joint during actua-
tion. This could be used to evaluate the safety of the actuators, which
is essential in human–machine interaction.
1.7 Structure of thesis
In Chapter 2 we describe the methodology and tools that were developed
and used throughout the project.
In Chapter 3 we explore the design and fabrication of pneumatic multi-
chamber elastomer actuators to gain 2-DoF control of the MCP joint’s re-
sponse. Different internal structure designs were tested for achieving both
flexion and abduction-adduction.
In Chapter 4 our goal was to enable flexion-extension motion of all three
finger joints and abduction-adduction of the MCP joint, while further reduc-
ing the interference between the joint’s two DoFs. For this, we propose two
new layouts of fiber reinforcements and using them in combination on the
actuators.
Chapter 5 provides a proof of concept for applying the actuators in motion-
assist by integrating them into a full glove.
In Chapter 6 we discuss the results and contributions of the Doctoral
project in a wider context, conclude the work, and discuss future directions.
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2.1 Preface
In this chapter, we give a general introduction to the tools and methods that
were used and developed along the duration of this Doctoral project. First,
we cover the design, prototyping, and testing of the actuators. Then, we
describe a preliminary study that was done to set up and test the tools and
fabrication methods, and to evaluate the idea of multi-chamber elastomer
actuators. This study was previously reported in a conference article and
presented in IEEE ROBIO, in 2015 [53].
2.2 Iterative soft actuator development
2.2.1 Design
Each actuator’s design was started by measuring a target hand’s dimensions.
The essential parameters were joint distances and total digit lengths, hand
circumference, and total hand length. These measures relate to the actuator
and glove sizing and placement of the separate chambers along the actuator
structure.
The actuators were then designed based on these measures and consider-
ing the four principles introduced in Chapter 1.4. Essential design consider-
ations were how the actuator would bend around the assisted joints. It was
important to consider that the chambers would stay on top of the joint center
and that the actuator expansion would match the length difference between
the top of a straight and bent finger.
After designing the actuator’s main body, molds for casting each of its
parts were designed in CAD to be produced by using rapid prototyping tech-
nologies.
2.2.2 Prototyping
The actuators were fabricated in several steps, using molds that were divided
in two or more parts, depending on the complexity of the prototype’s internal
structure. The molds were made initially with a CNC milling machine, and
later on by using an Ultimaker 2 Extended+ 3D-printer.
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Throughout the project, the main actuator body was cast from a 2-part
platinum cure silicone, called Dragon Skin 10 (Smooth-On, Inc.) [54]. The
material was chosen for its durability and ability to stretch up to ten times
its original length without failing. These were seen as essential properties,
because the wanted deformations were large. Main material properties of
the used silicones are listed in Table 2.1.
TABLE 2.1: Key properties of the used Dragon Skin elastomer
materials and Sil-Poxy silicone adhesive from Smooth-On Inc.
[54].
Material Density(g/cm3)
Shore A
hardness
Elongation
at break
(%)
Tensile
strength
(MPa)
100%
modulus
(MPa)
DS* 10 Slow 1.07 10 1000 3.275 0.152
DS* 10 NV 1.07 10 663 2.758 0.186
Sil-Poxy 1.12 40 750 5.171 N/A
*DS = Dragon Skin
The fabrication flow for casting and reinforcing the actuators was refined
throughout the project. The specific fabrication flow for each included study
is described in the corresponding chapters.
2.2.3 Testing
The developed actuators’ function was evaluated by measuring their motion
and force output in various ways.
Free motion measurements were used in the initial part of the project. Af-
terwards we started to measure the actuators’ motion while connected to a
dummy finger. Motion data was collected either by traditional digital camera
(Chapter 2.3) or with a motion capture system (Library G60 cameras) using
reflective markers on the actuators (Chapter 3) or the connected dummy fin-
ger (Chapter 4).
For force output measurements we used either a common constrained
actuator tip force measurement (described in Chapter 2.3), or measured the
torque by connecting the actuators to a dummy finger, which was connected
to a force gauge (Chapters 3 and 4).
Finally, in Chapter 5 we tested the final version of our actuator design
on human hands. The last experiments were done with motion assist glove
prototypes. They included measurement of joint angles using a protractor,
and evaluation of picking up and holding daily life objects.
In the following section we describe a preliminary study, where we set up
and tested the tools and methods for making multi-chamber actuators.
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2.3 Preliminary study
In the beginning of this project, only single-chamber actuators for motion-
assist of each finger had been used in soft rehabilitation gloves, e.g. by Norit-
sugu et al. [34], Deimel and Brock [35], or Polygerinos et al. [26]. These ac-
tuators are simple to make and easy to control. However, individual joints
cannot be controlled separately, as they enable only a single trajectory for
each digit. Furthermore, to achieve all the previously described 6-pack reha-
bilitation motions (Chapter 1.2), separate control of each joint is required. By
using a multi-chamber structure we could add separate degrees of actuation
(DoAs) for the joints, and gain more control over them, enabling support for
the 6-pack motions.
However, the amount of inputs, in the form of tubing, increases when
adding chambers to the actuator structure. These tubes, being an integral
part of the soft structure, may adversely affect its response. They could for
example get tangled or compressed, obstructing the fluid flow. By embed-
ding the tubing inside the structure, and having only one point of entry, the
setup becomes clean, discreet, and most importantly, the tubing does not
have a chance of getting tangled during use.
In this preliminary study, we tested a simple 2-chamber design for a multi-
chamber actuator. For this, we evaluated a simple method for embedding the
input tubing inside the actuator structure. We evaluated the effects of input
tubing placement for two 2-chamber pneumatic actuators (with internal and
external input tubing) in force and trajectory tests.
2.3.1 Actuator design
Two 2-chamber prototype actuators were designed based on previous studies
by Deimel and Brock [35] and Polygerinos et al. [26]. Both groups provide
instructions for making their actuators in the PneuFlex Tutorial [55], and the
Soft Robotics Toolkit [56], respectively.
The basic structure of the designed actuators can be seen in Fig. 2.1. Over-
all length of each actuator was 13 cm. They had an approximately square
cross section, the width and height being both 17 mm, including the rein-
forcement helix around the actuators and a strain restricting layer on their
bottom side. The proximal chamber was 40 mm long, and the distal 50 mm
long. Their width and height were both 10 mm. The chamber walls were
3 mm thick without the reinforcements, and approximately 3.5 mm thick,
when including the reinforcements and the silicone used to attach them. The
walls were 10 mm thick at the tip, between the chambers, and in the proximal
end.
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FIGURE 2.1: Cross-section of basic actuator structure with
tested input tubing routings (E = external, I = internal). Wall
thickness was 3.5 mm, including reinforcement helix and inex-
tensible layer. Root part had a 5 mm long, 3 mm deep groove
for fixing to a test bench. Adapted from [53].
There were two main differences comparing to previous studies. The air
chamber was divided into two with the 10 mm thick wall. Furthermore,
the input tubing for the other prototype was inserted through the proximal
chamber to the distal, leaving enough slack to compensate for the change in
chamber length during bending. This method of embedding the tubing was
chosen due to its simplicity and as it was considered to be least obstructive
to actuator motion.
2.3.2 Actuator fabrication
The actuator body was cast from Dragon Skin 10 Slow silicone (Table 2.1).
0.7 mm thick cotton string and polypropylene net with a 0.84 mm square
mesh were used for reinforcing the structure. Silicone tubing (PDMS) was
used for pressure input. Smaller tubing with 1 x 2 mm inner-outer diameter
was used for connections in the actuators, while a larger diameter 2 x 4 mm
tubing was used for connecting to pressure sources. Sil-Poxy silicone adhe-
sive (Table 2.1) was used for connecting the silicone tubing and fixing the
reinforcement helix.
A mold for casting the actuators (Fig. 2.2) was made from polyacetal with
a CNC mill. The top part (A) had indentations with 4 mm intervals to make
guides for reinforcements, while the bottom part (B) formed the chambers.
2 mm diameter steel rods were attached to the mold, to make routes for the
input tubing.
2.3. Preliminary study 13
A
B
FIGURE 2.2: Top (A) and bottom (B) parts of initial mold design
with 2 mm steel rods for making input tubing routes. Adapted
from [53].
The silicone was degassed in a vacuum chamber after mixing, and after
pouring into the mold, to ensure no air was left inside the material. All this
was done within pot life (45 min), while curing in room temperature took
approximately seven hours. We used vinyl gloves and polypropylene cups,
when working with the silicone, as it was sensitive to latex and got stuck on
metal tools.
The input tubing was inserted through the walls and fixed in place with
silicone adhesive after curing the top part of the actuators. The air chambers
were closed by casting a thin, approximately 1–2 mm thick, silicone layer
under them. Mixed silicone was spread to the bottom of the mold top (A)
and the previously cured part was placed on top, imprinting reinforcement
helix guides also on the bottom. The chamber structure was closed before
adding the reinforcement helix to ensure no air could flow through the in-
terfaces between the elastomer and the embedded reinforcement materials.
This was essential, as we used cotton string, which behaves like a tube, when
laminated with silicone.
The reinforcement thread was placed in 4 mm intervals around the actua-
tors following the guides and was fixed in place with silicone adhesive. The
thread was aligned in a two-way helix that crossed itself only on the bottom
of the actuator to keep the actuators’ bending motion as straight as possible
(Fig. 2.3).
FIGURE 2.3: Prototype after placing reinforcement fiber around
the closed chambers, crossing itself only on the bottom [53].
Final step of fabrication was attaching the inextensible layer. A polypropy-
lene net was placed on a dish and silicone mixture was poured on top and
spread evenly to be approximately 2 mm thick. Finally, the actuators were
placed on top and let cure. Afterwards, the actuators were cut off and were
ready to use.
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FIGURE 2.4: Actuator tip force measurement setup, with the
proximal chamber being measured.
In the end, the fabrication process took approximately 24 hours, exclud-
ing the time for designing and producing the mold.
2.3.3 Motion and force output measurements
The trajectory measurements were done by taking photos of the actuators
from the side while applying specific pressures to the chambers. The proto-
types were placed in a vertical position in a holder attached to their proximal
end. A black permanent marker was used to draw dots on the side of the
actuators, on the tip, between the chambers, and on the proximal end. The
tip flexion angle was defined as the angle between a vector formed by the
proximal and tip dots at 0 kPa, and the normal vector of the actuator tip at
different pressures.
The chambers were inflated separately and simultaneously to 75 kPa,
100 kPa, 125 kPa, and 150 kPa pressures. 150 kPa was set as maximum, be-
cause at higher pressures the actuators were curling over 270◦and started
pressing against the test bench.
In this study, we used a common method for measuring the actuators’
output forces (Fig. 2.4). The actuators were placed horizontally and clamped
from their proximal end. A metal bar was set over the actuator to restrict
bending vertically, and to direct the force downwards. A force sensor was set
below the point of measurement. Two points were used, under the actuator
tip and under the center point between the two chambers.
The distal and proximal chambers were inflated both separately and si-
multaneously with three different input pressures, 100 kPa, 125 kPa, and
150 kPa. The pressure was let stabilize before recording the force gauge
reading. Each measurement was repeated three times, and average forces
were calculated. 150 kPa was again determined as the maximum, because
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at higher pressures the actuators started to bulge between the reinforcement
helix in ways that could have led to structural failure through delamination.
2.3.4 Results
Motion and force output
Results of trajectory measurements are shown in Table 2.2 and Fig. 2.5.
A clear difference between the two prototypes is visible in the results. The
prototype with the internal tubing curled more with all the applied pressures.
TABLE 2.2: Results for actuator tip angle and force.
Inflated
chamber 75 kPa 100 kPa 125 kPa 150 kPa
Ext. proximal 16◦, N/A 48◦, 3.53 N 84◦, 5.66 N 118◦, 8.93 N
Ext. distal 18◦, N/A 57◦, 4.40 N 104◦, 7.11 N 149◦, 11.06 N
Ext. both 32◦, N/A 97◦, 4.49 N 172◦, 7.36 N 267◦, 11.37 N
Int. proximal 13◦, N/A 64◦, 4.07 N 101◦, 6.81 N 131◦, 10.86 N
Int. distal 25◦, N/A 67◦, 5.03 N 134◦, 8.38 N 176◦, 13.02 N
Int. both 45◦, N/A 138◦, 5.08 N 232◦, 8.50 N 307◦, 13.34 N
The force measurements, shown in Table 2.2, gave the same results as
the trajectory measurements. The prototype with internal tubing had higher
forces with all applied pressures in all cases.
Other Observations
Higher pressures up to 200 kPa were tested, but the actuator expansion was
considered to be too much for the material without causing plastic deforma-
tion.
After measurements, the two prototypes were cut open (Fig. 2.6) to find
the cause for clear differences in their response. In fact, there was a 1 mm
difference in the thickness of the silicone under the chambers. Also some
inextensible layer delamination was noticed after several inflation cycles, al-
though it did not seem to have a notable effect on the output.
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FIGURE 2.5: Actuator motion photos. Actuator flexion angle
was defined between a vector formed by the dots on the prox-
imal end and the tip at 0 kPa, and the actuator tip’s normal
vector at each pressure [53].
FIGURE 2.6: Cross-section of the two prototypes; with external
tubing (top), and internal tubing (bottom). 1 mm difference in
bottom wall thickness was discovered [53].
2.3.5 Discussion
The results showed that there was a clear difference in the trajectory and
force response of the two prototypes, and these differences occurred consis-
tently for both the proximal and the distal chambers in the same magnitude
throughout the measurements. However, the internal tubing inside the prox-
imal chamber of the other actuator should not have affected its distal cham-
bers response by restricting its motion. Thus, this difference could not have
been caused by the embedded tubing.
2.4. Conclusion 17
The differences between the two prototypes could be explained by inac-
curacies in the fabrication process, which lead to slightly different response.
The prototype with external tubing did have a slightly thicker layer of sili-
cone in the enclosure, which could have caused the direction of the expan-
sion to change into sideways and backwards expansion rather than forward
bending. This explanation coincides with the results from related studies
(e.g. Deimel et al. [36]) and also our later experiences with the described ac-
tuators.
We used only a 2-chamber structure, and inserted only one tube through
the proximal chamber. Further analysis needs to be done to see if this method
can be used for structures with three or more chambers. The tubing takes
space from the chambers they run through, and change the overall morphol-
ogy of the actuator, and so must intuitively have an effect on the response.
Thus, while one tube does not seem to adversely affect the response, perhaps
inserting several will.
In this preliminary study, we tested whether input tubing could be placed
inside the actuator structure without changing the response radically. How-
ever, the internal tubing could also be used as a functional structure that
would guide the response into a desired direction.
The commonly used force measurement method was considered to be
adequate for comparing the soft actuators’ output generally. However, we
started to question the results’ applicability in practice, when evaluating the
actuators’ ability to provide torque on finger joints during motion-assist.
Thus, we saw there to be a need for developing evaluation methods for com-
paring the actuators’ performance realistically.
The main focus was determined to be developing the multi-chamber struc-
tures further to increase control on the directionality of the response. The
initial prototypes had also several flaws related to e.g. used materials that
were prone to delaminate easily. By changing the structure and used mate-
rials, the actuators could be made more effective and durable. For example,
the reinforcement helix was determined to need a shorter than 4 mm inter-
val to make the actuators more robust, and be able to inflate them to higher
pressures without failure while providing higher possible output forces. Ac-
tuator length extension was also determined to be essential for compensating
for the length change in the back of the fingers when they bend.
2.4 Conclusion
In this chapter we described generally the methods that were used through-
out the Doctoral project, and presented a preliminary study, where we set
up the tools and tested them. In the following chapters we present the stud-
ies that concentrated on developing new actuator structures to enable the
motion-assist of a 2-DoF joint, and eventually all joints of the hand.
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Chapter 3
Multi-chamber actuators for MCP
joint flexion and
abduction-adduction
3.1 Preface
We (Tarvainen and Yu) published this study previously in the open-access
journalActuators, under the Creative Commons Attribution license, on Septem-
ber 19th, 2017 [39]. The copyright of the article belongs to the authors. I per-
formed all of the design, fabrication, and testing of the developed prototypes,
and analysis of the results. Prof. Yu provided comments and assistance in
editing the original journal manuscript.
3.2 Introduction
3.2.1 Background and related research
Several groups around the world have started to develop soft hand reha-
bilitation and power-assist systems [26, 38, 57]. These systems are based on
soft fluidic fiber-reinforced actuators, which consist of a pneumatically or hy-
draulically pressurized chamber, or chambers, enclosed in a polymer, which
is reinforced with strain limiting materials.
There have been several studies on different designs for this type of actu-
ators. Gerboni et al. [37] developed modular soft manipulators with multi-
chamber structures for minimally invasive surgery (STIFF-FLOP project), Park
et al. prototyped a power-assist device for the knee [23], Deimel and Brock
used them as fingers for their robotic hand [36], and finally, Noritsugu et
al. [57], Polygerinos et al. [26], and Yap et al. [38] each developed their own
versions of a portable power-assist/rehabilitation glove.
The current soft fluidic actuators for rehabilitation and power-assist glove
systems provide only one axis of motion for each joint [26,38,57]. This means
that the motion of the MCP joint can be supported only in one degree of free-
dom (DoF), although it has two, flexion-extension and abduction-adduction
(excluding slight rotation). So far, the final prototypes of the developed sys-
tems have assisted each finger only in flexion-extension, and have not in-
cluded the abduction-adduction motion [26, 38, 57], which is an important
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function in activities of daily living, as it enables grasping of larger objects.
Therefore, the current designs do not achieve a full set of 6-pack exercise
motions. Furthermore, as the actuators have only one input, these systems
cannot control the joints separately. Instead, several actuators need to be at-
tached [57], which leads to cluttering of input tubing, or the actuators need
to be switched according to the exercise [30], which makes the device less
convenient to use, for example in an at-home rehabilitation scenario.
A major obstacle for implementing a full 2-DoF support for the MCP joint
may be the coupling of the DoFs, when this type of actuators are used. The
two designed functions may conflict and affect each other, which makes it
difficult to control motion only in one direction. In other words, combining
flexion and abduction-adduction functions in one actuator may e.g. cause it
to flex forward, when only abduction is intended.
3.2.2 Goals
In this study we concentrated on exploring the design of soft actuators for
achieving full assist of the MCP joint motions, including both abduction-
adduction and flexion-extension. We excluded the distal joints, as they have
only a single DoF, and achieving their flexion-extension motion has been
studied extensively before [26, 38, 53, 57].
By adding separately controlled chambers to the actuators, i.e. increasing
the number of degrees of actuation (DoA), it could be possible to control
the motion of each joint separately, also including the abduction-adduction
motion, and achieving all 6-pack exercises. However, we need to solve the
problem of coupling between the two DoFs, while meeting the functional
requirements for each of them, to make this approach plausible.
Main focus was to describe and evaluate the feasibility of three functional
designs for multi-chamber actuators for 2-DoF MCP joint motion assist. The
description of the study is divided into two parts. In the first part, we ex-
plain the design principles and design of our actuators, and in the second we
describe the fabrication and evaluation of the prototypes.
3.3 Prototype design
In this section, we provide a description of our actuators’ functional require-
ments and different prototype designs that we fabricated and evaluated.
3.3.1 Functional requirements
In this study, we concentrated only on the motion assist of the finger MCP
joint, as the flexion of the distal joints has been studied in depth in previous
studies, and we have already developed our methods for including those
joints in a full finger actuator [53].
Our main goal was to develop actuators to control the 2-directional mo-
tion of the MCP joint easily and efficiently. Thus, the main requirement
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was the ability of actuators to control these two DoFs separately, or in other
words, minimizing the detrimental effects between the two functions built
into the same structure.
In order to have full motion assistance of the MCP joint, the actuators
need to have a wide enough range of motion (RoM). As a reference for this,
we used the full active RoMs for the finger MCP joints. They are on average:
-45–100◦ for flexion-extension, and -20–20◦ for abduction-adduction [58, 59].
We did not consider extension in this study, but had it only as a passive func-
tion through material stiffness. Thus, we set the target flexion-extension RoM
to be 0–100◦. The actuators also need to expand in length in order to com-
pensate for the length difference between the top of a straight and bent joint.
In the prototype design this property was only approximated, as it was not
the main focus of our study.
Further, the actuators need to transfer enough torque to the joint to make
it move. The torque requirements are naturally different for a relaxed hand,
and a hand that is suffering from joint stiffness caused by either scar tissues,
or possible muscle spasticity related to neurological impairments. We ap-
proximated this requirement based on acceptable torques for assisting the
index finger MCP joint motions. They are approximately 24–30 Ncm for
flexion-extension and 17 Ncm for abduction-adduction, according to a previ-
ous assessment by Kawasaki et al. [60].
Finally, the actuators need to be reliable and safe [15]. Thus, they should
have a precise and accurate enough output, which should not change rad-
ically during use. Furthermore, they should be robust to not get damaged
easily, and have low pressure to torque output ratio, to mitigate dangers, if
they do get damaged.
Considering these requirements and applying the four design principles,
we produced the following three main functional designs.
3.3.2 General prototype design specifications
All the designed actuators had the same basic dimensions (Figure 3.1), ap-
proximated to match the size of an average index, middle, or ring finger,
based on measurements by Buryanov et al. [61].
The root part had a connector groove for connecting the actuators to a
test bench or a supporting orthotic structure on the hand. All pressure input
tubing was inserted through the root part into the chambers. Guiding in-
dentations for the radially reinforcing string were set to be at 2 mm intervals
along the actuator body.
Overall four different internal geometries (Simple1, Simple2, Opposing, and
Parallel) and four different reinforcement types (A–D) were designed for five
prototypes (Simple1-A, Simple2-A, Simple2-B, Opposing-C, and Parallel-D). De-
tails of the differences in the prototypes’ geometry and reinforcements are
shown in Figures 3.1 and 3.2, respectively. These details are described fur-
ther in the following sections.
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FIGURE 3.1: Transverse (left) and longitudinal (right) cross-
sections of the four internal geometries used in the fabri-
cated prototypes, showing insertion routes for the input tubing.
(a) Simple1, simple side-chambers without supporting internal
walls. (b) Simple2, simple side-chambers with two supporting
internal walls. (c) Opposing, opposing side-chambers. (d) Paral-
lel, four parallel chambers.
Simple1/2-A
bottom top
(a)
Simple2-B
bottom top
(b)
Opposing-C
bottom top
(c)
Parallel-D
bottom top
(d)
FIGURE 3.2: The four different reinforcement layouts used in
the fabricated prototypes. (a) A, 2-directional thread winding,
crossing itself on bottom and top in middle and on sides other-
wise. (b) B, 2-directional winding, crossing in opposite manner
from A. (c) C, 2-directional winding, crossing itself mainly on
bottom and once on top in middle. (d) D, single loops. A, B,
and C had a strain limiting layer under them, excluded from
middle, while D had only the radial reinforcement thread.
3.3.3 Simple side-chambers
The first design, Simple1, had simple side-chambers for abduction-adduction
on the sides of a bigger central chamber for flexion (Figure 3.1(a)). For this
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design, we made a variation, Simple2, which had supporting internal walls
in the abduction-adduction chambers (Figure 3.1(b)). The goal was to test,
whether the supports would affect the actuators’ response. Without support-
ing walls, the chambers were expected to balloon freely, leading to a rela-
tively large sideways expansion, including towards the inside of the actua-
tor. This expansion was expected to be limited by the supporting walls, thus
directing it more towards the actuator’s tip, and increasing the force output
in the wanted direction.
The reinforcement helix was wound around the prototypes from the root
to the tip, and back again. Thus, it crossed itself twice every round. Proto-
types Simple1-A and Simple2-A had the helix crossing itself on top and bottom
of the actuator in the center 16 mm part (Figure 3.2(a)). This way the thread
was aligned straight and evenly on the sides. On the other parts of the actu-
ators the helix crossed itself on the sides. For prototype Simple2-B, the helix
was wound in the opposite fashion (Figure 3.2(b)).
A strain limiting layer made of rayon net was embedded inside the sili-
cone wall under the actuators (Figures 3.2(a) and 3.2(b)). The middle region
was left free to let the actuators expand in length around the curvature of the
MCP joint, and to reduce the effect of flexion structures on the abduction-
adduction function.
3.3.4 Opposing side-chambers
The second design (Figure 3.1(c)) had two opposing chambers on each side
of the flexion chamber. This design of the side-chambers, sometimes referred
to as bellows-type [62] or pleated type [42], relied on opposing ballooning struc-
tures that press against each other to cause a bending motion. The side-
chambers had their thinnest wall (1 mm) on the side on which the defor-
mation needed to be largest, i.e. where the two walls were to press against
each other.
We considered the main advantages of the opposing chamber structure to
be that it would concentrate the deformation to a limited area, leading to a
more pivot-like response for abduction-adduction, and separate it from the
flexion function.
For the prototype, Opposing-C, the reinforcement helix was wound so that
it was always crossing itself on the sides, except in the center, where it crossed
itself under the actuator, and once on top, as it passed through the gaps be-
tween the opposing chambers (Figure 3.2(c)). The strain limiting layer was
embedded under the actuator in the same way as with the Simple prototypes,
leaving the abduction-adduction part of the bottom free.
3.3.5 Parallel chambers
The third prototype design (Figure 3.1(d)) was based on the idea of using
multiple long chambers laid out in a symmetrical pattern along the length of
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the actuator. Differential inflation of the chambers would provide more con-
trol over the deformation, so that the finger joint motions could be adjusted
to match the target motions.
With a 3-chamber design, it would be possible to achieve a full 360◦ direc-
tional control of an actuator’s free bending, as shown by Gerboni et al. [37].
However, in the case of hand motion assist, the major difference is that the
finger presents an extra constraint for the actuator. Also, the MCP joint has
two perpendicular DoFs that we want to control separately. These aspects
add specific restrictions for actuator geometry, which need to be considered
in order to achieve and control the wanted motions.
Using a 4-chamber design (Figure 3.1(d)), with chambers in a square pat-
tern, it would be possible to control the flexion-extension and abduction-
adduction motions by applying pressure to two chambers at a time, and
adjusting their relative pressures. For example, actuating the top chambers
would make the top of the actuator expand, while the passive, relatively
thicker bottom layer would limit the expansion, which would lead to a flex-
ion motion. Similarly, when one or two left side chambers would be inflated,
the actuator would bend to the right, leading to abduction-adduction motion.
The prototype, Parallel-D, had only the reinforcement fibers around it, in
single loops for symmetry (Figure 3.2(d)), to restrict the radial expansion. We
did not include a strain limiting layer, as the actuator’s operating principle
was based on structural symmetry and differences in relative silicone thick-
ness on the actuated and nonactuated sides.
3.4 Prototype fabrication and evaluation
Function of the described actuator designs was validated by fabricating and
testing the five prototypes. In this section, we will describe the fabrication
methods for making the prototypes, and evaluation methods (trajectory and
torque measurements) for testing and comparing them.
3.4.1 Fabrication
The actuators were cast out of Dragon Skin 10 Slow using 3D-printed molds,
and embedding reinforcing materials. Sil-Poxy, silicone glue was used for
e.g. input tubing attachment and fixing possible delaminations. Rayon net
with approximately 1 x 2 mm mesh was used for the strain limiting layer,
and 0.7 mm thick cotton string was used for the reinforcement fiber. Silicone
tubing was used for connections in the actuators, and for connecting to the
pressure source. The molds were printed out of polylactic acid (PLA).
We used two different casting workflows for making the tested proto-
types’ main body, i.e. the chamber structure. The first was used for the pro-
totypes with simple side-chambers and opposing chambers, and the other
for the parallel chamber prototype.
The first workflow had two molds. The first mold was used for casting the
top part of the silicone chambers. Insertion holes for the input tubing were
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created by attaching 2 mm diameter steel sticks to the mold. After casting
the top of the actuator structure, input tubing was placed into the holes, and
glued in place with silicone glue. The second mold was then used for closing
the chambers. In this step, the strain limiting layer was laid out in the mold so
that it got embedded inside the 2 mm thick enclosure. Rayon net was laid out
in three layers, which were aligned in a 45◦ angle relative to each other. This
arrangement made the composite layer become practically inextensible in all
directions, and strong against delaminating forces, but still highly flexible.
The parallel chamber prototype had only one mold. Furthermore, input
tubing was placed in the mold before casting, which reduced required work.
The tip parts of the chambers were open after casting the main body, and
were closed by gluing a silicone glue -filled 2 cm long silicone tube into them.
The last step in making the prototypes was the winding of the reinforce-
ment helix around them by hand. The cotton string was fixed in place by
pouring a layer of silicone on it. The silicone was let cure by hanging the
actuators freely tip down from their input tubing. This ensured even distri-
bution of silicone on all sides, reducing response changes caused by uneven
wall thickness. The final prototypes are shown in Figure 3.3.
(a) (b)
FIGURE 3.3: The five prototypes shown from (a) bottom, and
(b) right. From left to right: Simple1-A, Simple2-A, Simple2-B,
Opposing-C, Parallel-D.
We produced the single loops for D-type reinforcement (Figure 3.2(d))
by opening the windings of a single thread into three separate strands, and
winding each one twice around itself on the actuator. Thus, we got three
separate three-strand loops. The ends of the strands were locked in place
with a reef knot.
3.4.2 Trajectory measurements
The goal of the free trajectory measurements was to evaluate the designed
prototypes’ RoM, possible deviations from the wanted straight trajectories,
and the symmetry of their motions. This gave us information on how well the
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designed structures could generate motion without having their two func-
tions affect each other.
The prototypes’ 3D-trajectory was measured with a 3-camera motion cap-
ture system, attaching a marker cluster, shown in Figure 3.4, on the actuator
tip. The measurements were done at 0–225 kPa pressures, with 50 kPa in-
tervals. However, opposing chamber prototype had a maximum pressure of
175 kPa for abduction-adduction, because of its chambers’ large deformation.
For measurements with two chambers inflated at the same time, the pressure
was input from the same source to both chambers, so that their pressure was
equal.
x
y
z
FIGURE 3.4: Motion capture marker setup for trajectory mea-
surements. The two center markers on the tip of the actuator
formed its tip vector. Other markers were used as reference.
As the parallel chamber prototype was symmetrical, its trajectory mea-
surements for flexion were done twice. From here on we refer to these two
measurements as top up and bottom up.
3.4.3 Torque measurements
With torque measurements we evaluated how well the actuators could trans-
fer their deformation to forces in wanted directions, and thus apply required
torques on a finger joint. As with the trajectory, we were especially interested
in the prototypes’ output torque range and its symmetry.
For practical and safety reasons, the torque measurements were done by
coupling the actuators to a 2-bone dummy finger (Figure 3.5), which was
scaled to match the dimensions of a middle finger [61]. The used 3D models
were acquired from Thingiverse (Human Hand Bones - Thumb by siderits, and
Ball-Socket Joint by BrainSTEM) [63]. We 3D-printed the final finger structure
and attached it to a 3D-printed clamp holding the prototype’s root in place.
The measurements were done with a force gauge that was connected to the
tip of the distal bone with a steel wire.
3.4. Prototype fabrication and evaluation 27
(a) (b)
FIGURE 3.5: Torque measurement setup with dummy MCP
joint. The joint angle was set to 0◦, 30◦, and 60◦ for flexion,
and 0◦and 20◦ for abduction-adduction, keeping the distal bone
perpendicular to the force gauge (above). Joint torque was then
calculated from the measured force. (a) Parallel-D flexion, 60◦,
175 kPa. (b) Parallel-D abduction-adduction to right, 0◦, 0 kPa.
The length of the dummy finger’s proximal phalanx, from the joint center
to the attachment point, was r = 49 mm. The force gauge was always kept
in a right angle to the bone, and the joint angle was changed by tilting the
clamp. Thus, the torque at the joint was:
τ = rF. (3.1)
The dummy joint was set to specific angles: 0◦, 30◦, and 60◦ for the flexion
measurements, and 0◦ and 20◦ for abduction-adduction. The finger was re-
strained from flexing in the abduction-adduction measurement with a fixed
PTFE (polytetrafluoroethylene) block. This way the wire stayed always in a
right angle relative to the gauge and the distal bone.
The forces were measured at 0–225 kPa pressure range, with 25 kPa inter-
vals. The maximum pressures for each prototype were defined by observing
the actuator’s deformation, keeping the chambers from expanding too much
in order to minimize plastic deformation. The minimum pressure for the an-
gled measurements were different for each prototype. It was defined as the
pressure at which the actuators reached the target angle. Simultaneous in-
flation of two chambers, for opposing and parallel chamber prototypes, was
done by connecting both to the same pressure source, as in the trajectory
measurements.
Each flexion measurement was repeated 10 times, and each abduction-
adduction measurement 15 times, for each pressure. As with the trajectory
measurements, the parallel chamber prototype was measured twice in the
flexion direction to determine the symmetry of its torque output. The proto-
type was turned around, and the opposite side chambers were inflated. As
before, top up and bottom up are used to distinguish the two measurements.
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3.4.4 Joint internal force measurements
Additional measurements were done to evaluate further the safety of using
the designed actuators. A second dummy finger, shown in Figure 3.6, was
designed for this. It consisted of a 3D-printed main structure, and a 3-axis
force sensor embedded inside the joint.
FIGURE 3.6: Setup for measuring the internal forces of a
straight joint. Actuators were strapped on the dummy finger
from above and below the joint, which had an embedded 3-
axis force sensor. The tested actuator is deforming away from
the static joint at maximum inflation pressure of 200 kPa.
We inflated both the flexion and abduction-adduction chambers simulta-
neously to find the maximum possible forces that each prototype could exert
on the joint. Exception to this was the Opposing-C prototype, which had its
abduction-adduction chambers too damaged at this point. Only its flexion
chamber was inflated. It also had a maximum pressure of 160 kPa, as its cen-
ter deformed excessively away from the joint. Measurements were done by
inflating the actuator chambers from 0 kPa to 200 kPa, at 25 kPa intervals.
3.5 Results
3.5.1 Trajectory, flexion
The flexion trajectory measurement results are presented in Table 3.1, and
Figure 3.7.
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TABLE 3.1: Maximum actuator tip angles for flexion trajectory
measurements.
Prototype Flexion RoM(◦)
Simple1-A 160
Simple2-A 184
Simple2-B 166
Opposing-C 208
Parallel-D* 107 / 103
*top up / bottom up
Looking at Table 3.1, we can see that all designs fulfilled the required
RoM, bending past 100◦. Opposing-C had the largest flexion RoM of all the
prototypes, while Parallel-D had the smallest. Of the simple side-chamber
prototypes, Simple2-A was flexing slightly more (approximately 20◦) than the
others. Notably, the difference between these prototypes was the internal
structure for Simple1-A, and reinforcement helix layout for Simple2-B.
Of all the prototypes, Simple2-A and Parallel-D had the straightest flexion
trajectories, while others showed more deviation from the centerline (Figure
3.7). This deviation was strongest for Simple2-B and Opposing-C, which devi-
ated approximately 1 cm to the left from their starting point.
All prototypes had a similar nonlinear pattern in their bending (Figure
3.7). The first 50 kPa of pressure had only a small effect, but a large deforma-
tion happened between 50 kPa and 200 kPa. The actuators also had a limit
to their bending at approximately 200 kPa. After this they mainly continued
to extend in lengthwise direction, instead of increasing the flexion angle fur-
ther. This can be seen most clearly for prototype Parallel-D, which has the
tip vector making a big jump between 100 kPa and 150 kPa, and then mov-
ing away from the center (z-axis), instead of going down, between 200 kPa
and 225 kPa. The lengthwise extension can be seen also for the other proto-
types as a deviation from a round trajectory. This deviation was smallest for
Opposing-C.
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FIGURE 3.7: Flexion trajectory results, showing motion of the
actuator tip vector formed by two markers. Only Simple2-A and
Parallel-D prototypes stayed in a relatively straight trajectory.
The others tended to turn to the left. Lengthwise extension is
visible as the tip marker’s deviation from a round trajectory.
For Parallel-D it is possible to see an end of the flexion motion,
after which only lengthwise extension occurred.
3.5.2 Trajectory, abduction-adduction
The results of abduction-adduction trajectory measurements are presented in
Table 3.2 and Figure 3.8.
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TABLE 3.2: Maximum actuator tip angles for abduction-
adduction trajectory measurements.
Prototype
Abd-Add
RoM to left
(◦)
Abd-Add
RoM to right
(◦)
Simple1-A 42 39
Simple2-A 40 40
Simple2-B 30 30
Opposing-C 54 38
Parallel-D 139 135
All prototypes passed the required limit of 20◦ angle in both directions
with at least a 10◦ margin (Table 3.2). For prototype Opposing-C, there was a
notable (16◦) difference between abduction-adduction RoM to the left and
right. However, based on our observations, this asymmetry was mainly
caused by stronger ballooning of the opposing chambers on the right side of
the prototype. For the other prototypes the difference was relatively small.
On the other hand, all the prototypes had deviation from the desired
straight trajectory (Figure 3.8). This was most pronounced for Simple1-A.
Comparison between the simple side-chamber prototypes shows that Simple2-
B (Figure 3.8) had asymmetry between motions to left and right, with the
motion to left being straight. For Simple1-A and Simple2-A the deviation was
fairly symmetrical. Furthermore, for Simple2-A and Simple2-B (to the right)
the deviation was approximately half of that of Simple1-A. Also Parallel-D
showed deviation from straight trajectory regardless of its symmetrical de-
sign. The actuator was flexing slightly in front during motion to the left, and
slightly to the back during motion to the right.
The nonlinear bending phases and lengthwise extension are visible also
in the abduction-adduction results for all prototypes (Figure 3.8), similar to
flexion. The effect was again especially pronounced for Parallel-D.
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FIGURE 3.8: Abduction-adduction trajectory results. Length-
wise extension can be seen as straight motion of the tip to the
sides, instead of a round curve. Opposing-C had the roundest
motion and least lengthwise extension, and behaved most like
a pivot joint. Parallel-D had a wider motion than others due to
its different structure, and had the largest lengthwise extension.
It is also possible to see the actuators’ nonlinear motion pattern,
similar to flexion measurements.
3.5.3 Torque, flexion
The results of flexion torque measurements are presented in Table 3.3 and
Figure 3.9.
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TABLE 3.3: Maximum average joint torques for flexion.
Prototype
Flexion
torque 0◦
(Ncm)
Flexion
torque 30◦
(Ncm)
Flexion
torque 60◦
(Ncm)
Simple1-A 17.68 11.23 5.23
Simple2-A 18.04 10.13 6.06
Simple2-B 17.12 14.34 7.22
Opposing-C 16.10 16.57 7.64
Parallel-D* 15.03 / 15.43 10.04 / 11.26 9.42 / 9.75
*top up / bottom up
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FIGURE 3.9: Torque measurement results for flexion at 0◦, 30◦,
and 60◦ flexion angles, with sample standard deviations. The
maximum pressures for Simple1-A and Simple2-A were limited
to avoid ballooning of silicone between the reinforcement helix
on the back of the actuators.
The results in Figure 3.9 and Table 3.3 show that all actuators decreased
their maximum torque output with higher angles of flexion. This effect was
strongest for Simple1-A and Simple2-A, which both had an approximately
12 Ncm (70%) drop between 0◦ and 60◦, while for Opposing-C this drop was
approximately 3.4 Ncm (21%), and for Parallel-D 5.6 Ncm (40%).
Simple1-A and Simple2-A had their maximum flexion pressure limited to
175 kPa, because the silicone started to bulge between reinforcements on top
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of the actuators. Thus, we restricted the maximum pressure, to prevent plas-
tic deformation. On the other hand, Simple2-B had its reinforcement thread
aligned in the exact opposite order, which allowed maximum pressure to be
higher, as ballooning did not happen. Also Opposing-C had a more uniformly
distributed reinforcements on its top and could reach higher pressures. For
Parallel-D, the limitation for each measured angle came from its deformation
getting directed into unwanted directions at higher pressures, as the actuator
could not move the joint further into flexion.
Notably, torque outputs and applied pressures for Simple1-A and Simple2-
A were similar at 0◦, but at higher flexion angles, especially at 30◦, Simple1-A
required higher pressures to reach the same torque outputs. On the other
hand, Simple2-B had the least stable torque output of the three simple side-
chamber prototypes, and required higher pressures for higher angles.
Figure 3.9 shows that there was only little difference between Parallel-D’s
top up and bottom up measurements. The actuator seemed to have a slightly
lower torque output when it was placed top up, except for the 60◦ joint angle.
However, this difference was mostly within the deviations.
3.5.4 Torque, abduction-adduction
The torque measurement results for abduction-adduction are presented in
Table 3.4 and Figure 3.10.
TABLE 3.4: Maximum average joint torques for abduction-
adduction.
Prototype
Abd-Add
torque 0◦
(Ncm)
Abd-Add
torque 20◦
(Ncm)
left / right left / right
Simple1-A 4.08 / 4.79 3.13 / 2.89
Simple2-A 3.87 / 4.79 3.09 / 3.30
Simple2-B 3.11 / 4.14 1.85 / 2.07
Opposing-C 4.46 / 3.64 2.58 / 2.01
Parallel-D 9.10 / 9.23 5.90 / 5.91
Differences between the simple side-chamber prototypes appeared also
in the abduction-adduction measurements. Furthermore, they all showed
a tendency of pushing harder to the right. Simple2-B had the weakest re-
sponse comparing to Simple1-A and Simple2-A, with the average maximum
abduction-adduction torque being 3.5 Ncm, while for the others it was slightly
above 4.0 Ncm.
Opposing-C had a notable difference in its motions to left and right. Based
on our observations, this was caused by the opposing chambers ballooning
differently on each side. However, its torque range was similar to Simple2-B,
while the difference to the other simple side-chamber prototypes was not big
either.
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Parallel-D had the highest and most symmetrical torque output in the
abduction-adduction test. This was expected, as its structure for this function
was basically the same as for flexion, while other prototypes had a special-
ized structure for abduction-adduction.
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FIGURE 3.10: Torque measurement results for abduction-
adduction at 0◦ and 20◦ angles, with sample standard devia-
tions. Maximum pressure for Opposing-C was limited to reduce
the ballooning of the chambers, and in the end, because of the
right side chambers’ excessive ballooning. For Parallel-D, the
limitation was due to the actuator starting to twist in unwanted
directions, which can be seen also as a notable increase in stan-
dard deviation.
Figure 3.11 shows the prototypes’ deformation during the 20◦ abduction-
adduction measurements. Comparison between the photos showed that pro-
totypes Simple2-A and Simple2-B had approximately 13% and 6% smaller
inflated width than Simple1-A, respectively. Figures 3.11(e) and 3.11(j) show
how Parallel-D pushed to the side, away from the joint center, because of its
excessive lengthwise extension.
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(a) (b) (c) (d) (e)
(f) (g) (h) (i) (j)
FIGURE 3.11: Prototype maximum deformation in
20◦ abduction-adduction torque measurement to the right,
(a)–(e), and to the left, (f)–(j). (a/f) Simple1-A, 225 kPa. (b/g)
Simple2-A, 225 kPa. (c/h) Simple2-B, 225 kPa. (d/i) Opposing-C,
175 kPa / 125 kPa. Photos were taken in the end of the
measurements, when the right side chambers’ ballooning had
become excessive. (e/j) Parallel-D, 175 kPa.
3.5.5 Joint internal forces
The results for the additional joint internal force measurements are presented
in Figure 3.12.
All prototypes, except Simple2-B, showed a common tendency in having
the exerted pulling force on the joint level out and stop. This happened,
when the actuators’ deformation started to push them away from on top of
the joint. With Opposing-C this happened the fastest, as its center was less
stable due to its narrowed structure and the abduction-adduction chambers
not being inflated. Simple2-B stayed on top of the joint up to the maximum
pressure of 200 kPa. Simple1-A and Simple2-B were the only prototypes to
exceed 20 N for joint pulling forces.
The shear forces had a similar tendency as pulling force. All except Simple2-
B had the exerted force level out for the flexion direction. Maximum flexion
direction shear force was again reached by Simple1-A at slightly above 5 N.
For the sideways direction, exerted forces stayed minimal throughout the
pressure range for all prototypes.
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(a) (b)
(c) (d)
(e)
FIGURE 3.12: Measured joint internal forces. Positive X-axis
shows the shear forces to the flexion direction. Y-axis shows
the sideways shear forces (positive to left and negative to right).
Negative Z-axis represents the pulling forces.
3.6 Discussion
In this section, we discuss the potential of our three multi-chamber actua-
tor design approaches (Simple, Opposing, and Parallel) for 2-DoF MCP joint
motion assist. First, we consider and explain the differences between the five
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prototypes’ response, and compare them to related studies. Then, we discuss
how the actuator structures could be improved to meet the requirements. Fi-
nally, we consider our plans for the next steps.
3.6.1 Comparison of prototype performance
We observed distinct differences between our prototypes’ response, which
can be connected to their geometry and reinforcements. Each of them had
clear advantages and disadvantages comparing to the others. A qualitative
prototype comparison is summarized in Table 3.5.
TABLE 3.5: Comparison of tested prototypes; advantages and
disadvantages of each approach, and relative level of coupling
between the two functions.
Prototype Advantages Disadvantages
Coupling
between
functions
Simple1-A N/A
Gaps in
reinforcements
cause ballooning;
wide radial
expansion
High
Simple2-A
Strong structure;
limited radial
expansion
Gaps in
reinforcements
cause ballooning
Medium
Simple2-B N/A
Reinforcement
alignment weakens
output and causes
deviation to left in
flexion
High
Opposing-C
Pivot-like sideways
response; strong
flexion
Excessive
ballooning of
side-chambers;
sideways flexibility;
asymmetric
response
High
Parallel-D
360◦ control;
potential to adapt to
thumb support
Excessive length
extension Low
Coupling between actuator functions
Our main goal was to evaluate the separation of control of the MCP joint’s
two DoFs. In other words, we wanted to see how each prototype’s passive
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inputs and their functional structures affected the active inputs that were
designed to move a single DoF.
In Table 3.5 we give our qualitative approximation of the prototypes’ rel-
ative ability with regard to this. For the relative ranking, we considered sev-
eral aspects of the prototypes’ response. These were the actuators’ deviations
from wanted straight trajectories, the relative strength of torque output be-
tween flexion and abduction-adduction, and the approximate amount of dif-
ferent functional structures that clearly affected another function negatively.
Of the three simple side-chamber prototypes, Simple2-A seemed to be
slightly better than the others with regard to separating the two functions.
They all had varying degrees of deviation from a straight trajectory. For
flexion, Simple2-B had the largest deviation, while Simple1-A had some, and
Simple2-A had none. For abduction-adduction the most affected prototype
was Simple1-A with relatively asymmetric and strong deviation to the front
in both directions. The other two had the internal supporting structures re-
stricting this deviation. The supports also proved to be efficient in making
Simple2-A’s response stable, limiting its radial expansion (Figure 3.11), and
its deviation from the wanted trajectory in abduction-adduction (Figure 3.8),
comparing to Simple1-A. Interestingly, Simple2-B had a relatively straight tra-
jectory to the left in abduction-adduction, but not to the right. Only reason
for this we can think of is the asymmetry of the reinforcement thread. For
torque, the limitations of the A-type reinforcement helix were apparent, as in-
put pressures had to be limited (Figure 3.9) due to silicone ballooning on the
back of the two actuators. However, although Simple2-B could reach higher
pressures and flex more, its reinforcement helix made its response unstable.
It had a relatively large standard deviation in the measurements, and was
bending to left in flexion (Figure 3.7). Furthermore, the central part of these
actuators was extending only in length, as it had no flexion enhancing strain
limiting layer.
Opposing-C’s opposing chamber structure showed its potential in provid-
ing large, localized displacements in abduction-adduction (round trajectory
in Figure 3.8), and its motion seemed most like that of a hinge joint (Fig-
ure 3.11). In other words, the center of rotation changed only slightly, and
stayed approximately above the joint. The other prototypes had a clear cur-
vature and change in their center of rotation. Opposing-C also had the high-
est flexion tip angle (Table 3.1). However, the strong flexion was caused
by the bottom side’s reinforcement helix in the central part (Figure 3.2(c)).
It restricted expansion on that side and caused flexion during abduction-
adduction. Also, its asymmetry caused the flexion to deviate strongly to
the left (Figure 3.7). These effects were amplified by the gaps between the
opposing chambers, which made the central part of the actuator much more
flexible and unstable than the other prototypes.
Parallel-D’s symmetrical design had a clear advantage over the other ap-
proaches. It allowed the actuator to bend and provide torque in both flexion
and abduction-adduction directions in an equal way. The differences were
mainly caused by the rectangular shape of the actuator and the connection to
the dummy joint, which caused the difference in RoM and the lower torque
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in abduction-adduction, respectively. The prototype’s free flexion RoM was
also limited as it did not have a structure to restrict its lengthwise expansion.
However, when connected to the joint, its expansion was directed by con-
straints from the connecting straps and the dummy joint’s rigid structure.
The prototype had some deviation from straight trajectories for both flex-
ion and abduction-adduction (Figures 3.7 and 3.8). However, this deviation
seemed to be symmetrical. Thus, it may have been caused by small symmet-
rical inaccuracies in fabrication, and was probably not related to the design
approach itself. Possible unequal pressure in the chambers can be ruled out,
as the input was the same for both.
As a summary, all three design approaches were promising in providing
2-DoF support for the MCP joint. However, all the prototypes had some is-
sues with the connection between the functions. They need to be solved in
order to make the actuators plausible for use in power-assist for rehabilita-
tion.
Range of motion and torque
All the prototypes met the set flexion RoM requirements (Table 3.1). This
seems to be normal for this type of actuators [30,36,38,49,53,57], as they tend
to enable large displacements easily. This shows also that our multi-chamber
designs did not degrade the flexion function in a notable way. Furthermore,
the bending angle relative to input pressure could be adjusted further by e.g.
changing the chambers’ length. This can be seen from our previous results
[53], and the data of Polygerinos et al. [49].
Also the abduction-adduction RoM requirements were met (Table 3.2).
However, a comparison with other similar soft actuators for hand rehabilita-
tion is not possible, as the motion has not been studied before. Still, making
an analogy with Ueki et al.’s rigid hand rehabilitation mechanism [64] is pos-
sible. It could reach a 30◦ abduction-adduction angle, when connected to a
patient’s index finger. Furthermore, considering only Parallel-D’s response,
Gerboni et al. got comparable results for their 3-chamber soft actuator mod-
ule [37]. They reached a free bending angle of approximately 75◦ by inflating
one chamber, although with much lower pressures (up to 35 kPa), as their
actuator was 25 mm long, its diameter only 9 mm, and its walls much thin-
ner. On the other hand, a previous, 35 mm diameter version of their actuator
reached a free bending angle of 120◦ with one chamber, and 80◦ with two, at
65 kPa [65].
The prototypes provided torque in both flexion and abduction-adduction
throughout the measured joint angle range. However, none of them reached
the set torque specifications. We connected the prototypes to a dummy fin-
ger in order to measure their practical output torques easily and safely. This
allowed us to disregard the effects of soft tissues, and the possibility of a test
subject assisting or resisting the actuator’s motion. However, it is difficult to
find comparable results from previous soft actuator studies, as this type of
measurement has not been used commonly. Furthermore, none of the previ-
ous studies have considered abduction-adduction.
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Still, an approximate reference for flexion can be found from a study by
Noritsugu et al. [57]. Their actuator’s MCP joint supporting force was 14 N
at the “root of the finger”, while wearing the glove. Assuming that the mea-
surement point was the center of the index finger proximal phalanx (palmar
digital crease), the moment arm would have been approximately 2 cm [61].
Thus, their actuator’s flexion torque on MCP joint would have been approx-
imately 28 Ncm, which would make their actuators somewhat stronger than
ours (Table 3.3).
Other studies have often measured the actuator tip force output by clamp-
ing them into a horizontal position and restricting vertical deformation with
a solid structure directly above them, and a force sensor set under the tip
[38, 49, 53]. Our previous flexion prototypes could reach a 10 N maximum
force with a 6.5 cm lever arm at 150 kPa, i.e. a torque of 65 Ncm [53]. On the
other hand, Polygerinos et al. reached an 8 N force with a 13 cm long fiber-
reinforced actuator at 200 kPa, i.e. 104 Ncm [49]. Finally, Yap et al. reached
14 N with their 15–18 cm long fabric-based actuators at only 70 kPa , i.e. 210–
252 Ncm [38]. Although these torques cannot be directly compared to our
results, they give some reference to how our prototypes performed.
A further, more valid comparison can be made with the rigid mechanism
by Ueki et al. [64]. Their device could reach a maximum MCP joint torque of
51 Ncm for flexion, and 79 Ncm for abduction-adduction, which were both
several times higher than for any of our prototypes.
All prototypes decreased their maximum torque output at higher bending
angles (Figures 3.9 and 3.10, Tables 3.3 and 3.4). This appeared to be highly
dependent on the actuator design and the maximum pressures they could
reach. However, the behavior seems to be normal for this type of soft actu-
ators, which can be confirmed from previous results obtained by Noritsugu
et al. [57]. Their measurements showed a torque drop of approximately 60%,
between 0◦ and 60◦ angles at constant 320 kPa, for their curling soft actuator
for elbow flexion. On one hand, minimizing the rate of this change would be
beneficial, considering control system design, as the response would be more
predictable. On the other hand, this could be seen as a advantage of using
soft actuators, regarding safety, as they naturally reduce the applied forces,
when bending the joint further.
Safety and reliability
Safety and reliability must also be taken into consideration, when designing
assistive technologies. One of the main dangers of soft fluidic actuators is
related to material failure, leading to rupture and a sudden release of pres-
sure [15]. Thus, ideally, the actuating pressures should be as low as possible,
while providing adequate forces for assisting the joint motions.
For Simple1-A, Simple2-A, and Opposing-C, the large deformation of the
material between the reinforced parts exposed the actuators to plastic changes,
which is evident especially in Figure 3.11(i). The results showed this clearly,
as the simple side-chamber prototypes’ maximum flexion pressures were
limited, and for Opposing-C the final torque measurements to left and right
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were completely different (Figure 3.10). This ballooning of the silicone made
the prototypes vulnerable as they got exposed to the environment. Consid-
ering these aspects, prototype Parallel-D’s single loop reinforcement was the
most effective in keeping the response unchanged, and preventing the sili-
cone from bulging from between the thread.
Another danger is that the actuators might apply twisting or longitudi-
nally pulling forces to the assisted fingers. In excessive amounts such forces
could cause dislocations of the joints. Here, we measured the maximal forces
that the prototypes could exert on a straight, stiff joint. The measurements
showed that the forces the actuators could transfer to the joint were limited
by their excessive deformation, which directed the forces away from the joint.
The maximum pulling forces on the dummy joint were slightly above 20 N,
which is equivalent to an approximately 2 kg weight hanging from the tip of
a finger. The maximal shear force of approximately 5 N would in the same
way be equivalent to a 500 g weight (or a full 500 ml bottle) right next to the
joint on the proximal phalanx. These forces seem still relatively safe, at least
when exerted on a healthy hand. Also, based on the trajectory data in Figures
3.7 and 3.8, and our observations during the torque measurements, the tested
prototypes did not have a tendency to twist or pull excessively. The only ex-
ception was Parallel-D’s strong lengthwise expansion, which, however, did
not cause the internal joint forces to rise. Instead, they became smaller faster
as the actuator expansion got directed away from the joint.
In this study, we measured the joint internal forces in the case, when a
joint stays straight. In practice this can happen, when the joint is kept in
place and supported by its related muscles and tendons. In this state a human
finger can withstand surprisingly high forces without getting dislocated. On
the other hand, when a joint is not supported like this and is not stiff, it
is easy to move with the actuator, which tends to follow the joint’s natural
motions. Thus, unwanted actuator deformation and unwanted forces on the
joint could be considered as a minimal risk. However, this applies only as
long as the actuator trajectory is designed to conform to the joint’s motion
and its RoM is limited to be within the natural RoM of the joint it assists.
In the current experiments the forces and torques were relatively low (Fig-
ures 3.9 and 3.10, Tables 3.3 and 3.4). Also, we believe the control of actuator
and joint RoM to be much more essential to safety considerations than the
restriction of output torques. However, if the actuators are made stronger
and are tightly coupled to the assisted fingers, the internal joint forces would
be good to take into consideration when evaluating safety.
3.6.2 Actuator structure improvements
In this section, we discuss possible improvements for our actuator designs.
First, we consider some general improvements that could be applied to all
of them, and then we concentrate on the disadvantages of each approach
separately.
The lack of torque output can be overcome by improving key parameters
of the structure. For example, making walls thicker would affect the stiffness
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of the actuator body, meaning higher pressures and stronger output. The
scaling of actuator geometry has been considered before by e.g. Deimel and
Brock [36], who calculated a scaling law for this type of actuators. They con-
cluded that actuator stiffness scales to the fourth power of its size, which can
be used effectively for adjusting their strength. However, a balance should
be found between strong output and safety.
The nonlinearly changing pattern of the prototypes’ motion relative to
the input pressure was due to them first expanding from rectangular into a
rounder cross section, and only then starting to bend, as this radial expan-
sion got limited. This could be improved by making their chambers and
cross section rounder, which would reduce the required initial expansion of
the structure before the point when the actual motion starts. It would also
lower the required pressure, making the actuators safer [15]. For example,
Polygerinos et al. have considered the effects of changing the shape of the ac-
tuator body [49]. This improvement, however, is limited by the placement of
the actuator on top of a finger, and the connection between the two. Also, the
relative placement of the multiple chambers in the actuator structure need to
be considered.
The asymmetric reinforcement helix was the main reason for simple side-
chamber and opposing chamber actuators’ deviation from the wanted mo-
tions. The parallel chamber prototype’s single loop reinforcements did not
seem to cause a similar effect. In fact, the two-directional winding, with its
angled thread, is not necessary for achieving our target functions, as twist-
ing of the actuator around its axis is not included in the wanted motions.
It has mainly been used, throughout the field, due to ease of fabrication, as
a single thread can be quickly wound around the actuator body to provide
restriction to radial expansion. Thus, to work around the problem of asym-
metric response, the reinforcement would be best made as single loops, as
we did with Parallel-D. This would also help with distributing the reinforce-
ment homogeneously, and at high enough intervals, to make sure there is
no excessive local ballooning of the silicone between gaps in the reinforce-
ment. However, the fabrication methods need to be improved, as our current
method for producing the single loops is very time consuming and tedious.
Simple side-chambers
Simple2-A showed the most potential of the three simple side-chamber proto-
types. However, the imbalance of its abduction-adduction response, and the
conflict between its two functions would need to be solved to make it plausi-
ble for use in power-assist. The lack of flexion inducing strain limiting layer
in the central part of the actuators is problematic. It is a compromise of weak-
ening flexion to reduce the two functions’ effect on each other. Thus, a way
of strengthening the flexion without affecting abduction-adduction should
be found in order to counter this problem.
One idea is an active control of the strain limiting structures, or in other
words, a stiffness-controllable structure. An example of this are the nega-
tive pressure jamming structures in a study by Wall et al. [66]. Basically,
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by changing the state of this structure we could choose between flexion and
abduction-adduction. However, this would add more inputs to control, and
should be considered carefully.
Another possible way of solving the problem is considering the connec-
tion to the finger, and the relative placement of the chambers carefully. This
could lead to innovating a geometry that could theoretically enable abduction-
adduction motion without causing simultaneous flexion.
Opposing side-chambers
Although Opposing-C’s structure had several advantages considering both
the flexion and abduction-adduction motions, it relied on a relatively large
deformation of the opposing chambers to reach the target motions. This led
to a clear change in response, and made the actuator unreliable and poten-
tially unsafe. Also, the opposing chambers’ deformation was not equal (Fig-
ure 3.11), which was caused by inaccurate fabrication methods leading to
uneven silicone thickness in functionally critical parts. These aspects make
the approach the most difficult to develop into a working design for this ap-
plication, as it would require radical changes to the geometry and materials.
These problems could be solved by embedding additional reinforcing ma-
terials inside the elastomer parts that press against each other, to make them
more robust, similar to the work of Shepherd et al. [67]. Also, making the gap
between the chambers smaller would minimize the required deformation to
reach large enough displacements of the joint.
On the other hand, the chambers could be designed to be more like bel-
lows that fold on themselves when deflated and unfold when inflated, sim-
ilar to the actuators by Belforte et al. [21], or by Galloway et al. [62]. Us-
ing this kind of pleats would reduce the amount of deformation required
from individual parts of the structure to reach a large bending motion. This,
however, could decrease the resulting curvature, or make the abduction-
adduction motion less like that of a pivot joint, which we see as one of the
main strengths of the studied design.
Parallel chambers
The main disadvantage of the parallel chamber design was related to its ex-
cessive lengthwise expansion, which caused e.g. unwanted deformation of
the actuator under the connecting straps. This could be reduced by mak-
ing the chambers shorter so that they would be more localized on top of the
joint. On the other hand, a longer than necessary chamber structure could
be utilized by localizing the deformation by using stiffer restricting sleeves,
following the example of Galloway et al. [47]. This way, the actuators could
be adjusted, to some degrees, for different hand sizes.
Another difficulty in this design is the required fabrication precision, as
the actuator needs to be as symmetrical as possible to allow for symmetrical
output. Although we did our best to make the prototype as symmetrical as
possible, a slight deviation from the wanted trajectory, and some difference
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in torque to each direction can still be seen in the results. This could be mit-
igated by making the chambers shorter, and also improving the fabrication
methods.
One way of amplifying the four chambers’ directional control would be
to include a supporting, flexible, but much less extensible spine in the middle
of the actuator. This spine would consist of, or envelop, the input tubing for
the actuator structure’s distal chambers that control the flexion of the finger’s
IP joints.
The amount of separately controlled chambers is also problematic. Al-
though this time we tested a 4-chamber design, it may be possible to simplify
it to be effective with only three chambers. This would be advantageous, as
the amount of inputs would be reduced by five for a full glove, making the
design equal to the simple side-chamber prototypes with regard to required
inputs.
3.6.3 Future work
After this study, we continued the development of our actuators’ MCP part
mainly based on the parallel chamber design, as we saw it to have most po-
tential to be applied in a full motion-assist glove for rehabilitation. Also, we
saw this design to be best applicable to thumb motion assist, by adjusting
its chamber sizes for controlling the motions of the CMC joint. However, al-
though we chose this design as the basis for our next designs, it would be
interesting to see how each of the other approaches could work, if improved.
In this study, we did not test Parallel-D’s controllability with differential
pressures in depth, as our goal was to find the differences between the three
approaches, and compare their potential for full MCP joint motion support.
However, the differential control should be studied further, as it is crucial for
confirming the design’s usability in practice, especially when connected to a
finger.
3.7 Conclusions
The aim of this study was to explore the development of soft fiber-reinforced
actuators for 2-DoF assist (abduction-adduction and flexion) of the MCP joint.
So far, the combination of these motions has not been implemented in soft re-
habilitation gloves, which limits the possible exercises that can be done with
them. We believe that one of the main reasons for this is the difficulty of sep-
arating the two functions of the same soft structure so that they do not get
coupled and have detrimental effects on each other.
We presented three different approaches to making multi-chamber actu-
ators for controlling the two DoFs separately, and evaluated their feasibility.
Two of them (simple side-chambers and opposing chambers) were targeted
specifically for the MCP joint, and had control only in the direction of the
joint’s two motion axes. The third one (parallel chambers) was designed to
allow a full 360◦ control of the actuator motion through differential pressures.
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We produced five prototypes, which we tested in torque and trajectory mea-
surements. Each of the approaches had advantages and disadvantages over
the others, and we presented our analysis on how they could be improved to
make each one work.
In the next chapter we expand from this study and develop a full digit
motion-assist actuator by designing the next version of the MCP chambers,
adding IP joint flexion, and considering suitable reinforcements that could
be used for these actuators.
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Chapter 4
New layouts of fiber
reinforcements for full finger
support actuators
4.1 Preface
We (Tarvainen, Fernandez-Vargas, and Yu) published this study previously
in the open-access journal Actuators, under the Creative Commons Attribu-
tion license, on June 18th, 2018 [68]. The copyright of the article belongs to
the authors. I performed all of the design, fabrication, and testing of the de-
veloped prototypes. The coauthors provided support in the analysis of the
results and preparation of the original journal manuscript.
4.2 Introduction
4.2.1 Related research
A major difficulty in implementing full finger motion support is the complex-
ity of designing an actuator structure that could control the MCP joint’s two
orthogonal degrees of freedom (DoF) separately and simultaneously. Con-
sidering the four principles (listed in Chapter 1.4), it is necessary to use either
a multi-chamber structure [39, 69] or separate actuator modules [33] on the
joint to enable its multi-directional control without the two functions inter-
fering with each other.
Furthermore, the available space on the hand is limited. To not obstruct
the flexion of the fingers, actuators cannot be placed on the palmar side. Also,
placing actuator modules between the fingers to push them apart, as Yun
et al. [33] did for thumb abduction, would disable them from moving close
to each other, and possibly lead to losing their separate flexion by coupling
them together. The remaining option is to place the actuators on top of the
joint and include both functions inside the same multi-chamber structure.
We explored this in our previous study [39] on fiber-reinforced actuators
with multiple chambers for MCP joint motion assist, as described in Chap-
ter 3. We presented several different options for the actuator geometry in
combination with a set of embedded reinforcements. We tested their abil-
ity to control the two DoFs of the MCP joint separately by measuring their
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free motion and attaching them to a dummy joint for torque measurements.
However, the presented approaches all had disadvantages that made them
not fully suitable for the intended purpose. Four of the five prototypes had a
clear forwards deviation during the abduction-adduction motion even with-
out being connected to a finger. This was caused by the reinforcements,
which included a strain restricting layer on the bottom side, and commonly-
used fiber reinforcement patterns around the actuators to constrain radial
expansion. The fifth prototype’s response was balanced in free motion. It
had four parallel chambers, and the structure was reinforced only with sep-
arate single loops of fiber. However, the abduction-adduction function was
too strong compared to flexion, and the actuator’s length extension was ex-
cessive due to not having a constraint on it. Furthermore, the amount of
inputs could have been reduced to three to remove redundancy and simplify
control.
A common method of adding fiber reinforcements is to place one or more
fibers at specific angles around the actuator [44,45]. A single fiber can be used
to generate a twisting motion, while fibers at different angles can be used to
make the actuator flex and extend in length, depending on how the fibers
are aligned relative to each other and the actuator’s longitudinal axis [44,45].
This way of placing the reinforcements can be used for simple internal struc-
tures that should achieve only a single motion of a joint. However, when re-
inforcing a multi-chamber structure to control a 2-DoF joint, the commonly-
used reinforcement patterns cause the two functions to degrade [39].
Thus, a combination of an internal structure and a reinforcement layout
that would allow for a separate and simultaneous two-directional control of
the connected MCP joint motion has not been presented so far.
4.2.2 Goals
In this study, we proposed two new types of fiber reinforcements (separate
single loops and two-directional hitching), and their combination, to be used
on multi-chamber elastomer actuators to direct their expansion in wanted
directions. We aimed to minimize detrimental effects between motion assist
of the two orthogonal DoFs of a connected finger’s MCP joint. We also con-
sidered how the reinforcements affect a single-chamber structure for IP joint
assist. In other words, our goal was to enable abduction-adduction with min-
imal flexion and flexion of the three joints with minimal sideways motion and
twisting.
We analyzed how the two reinforcement types and their combination can
be used to modify and strengthen the actuator’s motion and force output and
realize the required RoM for an assisted dummy finger’s joints.
The description of our study is divided into two, the design of the actu-
ator structure and fiber reinforcements and the fabrication and experimental
evaluation of prototypes.
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4.3 Actuator Design
In this section, we outline our actuators’ functional requirements and de-
scribe the actuator prototype design for this study.
4.3.1 Functional requirements
Actuators connected to assisted fingers need to provide adequate RoM and
apply enough torque on the joints to enable effective motion assist for re-
habilitation. Our focus in this study was on MCP and IP joint flexion and
MCP joint abduction-adduction motions. We excluded joint extension, as
we saw it to be mutually exclusive with flexion in rehabilitation scenarios,
as usually patients need either only flexion or extension assist. Thus, it was
implemented only as a passive function through material stiffness.
Normally, the IP joints’ motion is coupled [70, 71], and separate control
of the distal IP (DIP) joint is not possible for most individuals. Thus, their
motion assist should be done together. Hahn et al. [70] describe a relation of
1◦ of proximal IP (PIP) joint flexion to 0.76◦ of DIP joint flexion, which is in
agreement with the results of Leijnse et al. [71]. This gives us a bending ratio
of approximately:
θDIP
θPIP
=
3
4
. (4.1)
Considering this relationship and the normal human finger joint RoMs
[59, 71], we set the motion assist RoM requirements as in Table 4.1.
TABLE 4.1: Normal ranges of motion for the finger joints and
corresponding actuator requirements. RoM, range of motion.
Joint Motion Normal Joint RoM (◦) Requirement (◦)
MCP Flexion/Extension 90/45 * 90/0
MCP Abduction/Adduction 20/20 * 20/20
PIP Flexion 104 ** 100
DIP Flexion 74 ** 75
* Montgomery [59]; ** Leijnse et al. [71].
In order to have the fingers bend to these target values, the actuators need
to transfer enough torque to the joints. The torque requirements are naturally
different for a relaxed hand and a hand that is suffering from joint stiffness
caused by either scar tissue or possible muscle spasticity related to neuro-
logical impairments. We approximated the minimum and maximum torques
(Table 4.2) based on the results of our previous study on MCP joint assist
actuators [39] and acceptable torques for assisting the index finger joint mo-
tions by Kawasaki et al. [60], respectively.
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TABLE 4.2: Actuator torque requirements.
Joint Motion Minimum TorqueRange (Ncm) *
Acceptable Assisting
Torque (Ncm) **
MCP Flexion
0◦: 15.4 ... 18.0
30◦: 10.0 ... 16.6
60◦: 5.2 ... 9.8
29.3
MCP Abd.-Add. 0◦: 3.0 ... 9.2 16.7
IP Flexion N/A 19.7
* Tarvainen and Yu, 2017 [39]; ** Kawasaki et al., 2006 [60].
The actuators also need to expand in length to compensate for the length
difference between the top of a straight and a flexed joint. This difference
causes the point directly above the joint centers to move as the finger flexes.
This length change varies greatly between individuals and between the four
fingers, as it depends on the thickness of the joints and the soft tissues on
them. Thus, in this study, we used approximated arbitrary values for it.
4.3.2 Actuator structure
To enable separate assist of MCP and IP joints, we designed an actuator struc-
ture with four chambers; three for MCP joint and one for IP joints (Figures 4.1
and 4.2). Many of the design decisions were based on the analysis of proto-
types and especially the four-chamber MCP structure we tested in our previ-
ous study [39], in Chapter 3.
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FIGURE 4.1: CAD drawings of the designed actuator’s (a) over-
all structure and details of the (b) proximal MCP chambers and
(c) distal IP chamber.
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FIGURE 4.2: Function of actuator’s internal geometry. Ar-
rows indicate bending direction, when each chamber is in-
flated. Left: Generic 3-chamber actuator design for 360◦ free
motion. Right: Proximal MCP chambers in this study, showing
central tubing (in gray) that adds a motion constraint.
We changed the cross-sectional shape from rectangular to a half-circle
to reduce the initial deformation towards a circular shape during inflation
and to make the actuators more compact, aesthetic, and comfortable to wear.
General actuator dimensions were made to match those of a collaborating
patient’s index finger, regarding overall length, width and distances between
joints. The dimensions of the chambers were decided based on the available
space and through iterative testing with prototypes.
The internal structure of the MCP joint section of the actuator is shown in
Figures 4.1b and 4.2. The center of the actuator consisted of a 4-mm PDMS
silicone tube, which served a dual purpose of restricting the actuator defor-
mation from its center and providing pressure input for the distal joints. The
20 mm-long chambers for abduction-adduction were placed symmetrically
on both sides of the central tube, slightly under it. This was to cause the
actuator to bend slightly backwards, working against the constraint from a
connected finger, and to bring the resultant motion closer to be more directly
sideways. The flexion chamber had a curved wider cross-section to accom-
modate the space restriction above the center tube and to spread the effect of
the structure’s deformation evenly on both sides to make it directed always
forwards without twisting.
The IP joint section of the actuator (Figure 4.1c) had only one continuous
chamber for controlling both joints with the same input, because of the cou-
pled nature of their motion. Furthermore, as the IP joints move only in the
flexion-extension direction, this chamber had a simple geometry, similar to,
e.g., the one by Wang et al. [72].
The root part of each actuator was designed to be hard plastic for easily
connecting the actuators to a test bench or a supporting orthotic structure
on the hand. The root connector was hollow and had pressure input tubing
passing through it. It was fixed in place by casting silicone around the tubing.
Finally, guide grooves for the fiber reinforcements on the actuator were
set to be at a 1.5-mm interval along the actuator (Figure 4.1).
4.3.3 Fiber reinforcements
We used two new ways of placing fiber reinforcements on the actuators (Fig-
ure 4.3): separate single loops (also used in our previous study [39]) and
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two-directional hitching. We did not embed other strain restricting materi-
als in the actuators to free the bottom layer for length extension. This also
simplified the design and reduced fabrication steps.
The single loops of thread (Figure 4.3b), traditionally called grommets
(The Ashley Book of Knots (ABoK) #2864 [73]), are made by taking a single
strand of a three-strand thread and winding it around itself twice. Using this
method, the knot for closing a loop is 1/3 the size of a knot tied from a three-
strand thread, which makes the loop’s thickness more even. This reduces
variations in the thickness of the silicone that binds the reinforcements to the
actuator. The single loops act only as a radial constraint for the actuator ex-
pansion, while letting it freely extend in length. Thus, the resultant actuator
motion and forces are defined by other constraints from the actuator’s inter-
nal geometry and the assisted finger. This may free the actuator to conform
to the shape of the finger, which leads to achieving the wanted assisting mo-
tion more effectively. However, making the loops and placing them on the
actuator manually take an extremely long amount of time compared to other
methods.
(a)
Single loops
(b)
Hitching
(c)
FIGURE 4.3: Studied types of fiber reinforcements. (a) Struc-
ture of the 0.7-mm three-strand cotton thread used for rein-
forcements; (b) Separate single loops had a single strand of the
thread wound around itself twice. It was locked in place by
tying the strand’s ends together with a small knot. (c) Two-
directional hitching was made by tying consecutive left and
right half-hitches with the three-strand thread around the ac-
tuator. The first and last loop were locked in place with a reef
knot or a hitch. The combined reinforcement layout was made
by placing both single loops and hitching on the actuator in se-
ries. Illustrations courtesy of Kouki Shiota.
The two-directional hitching (Figure 4.3c), traditionally used for ringbolt
hitching (ABoK #3604 [73]), consists of a series of alternating left and right
half-hitches. It combines the benefits of fast manual placement around the ac-
tuator and having the fiber crossing itself only on one straight line, while leav-
ing most of it perpendicular to the actuator’s longitudinal axis. We set the
self-crossing point to be on the bottom centerline of the actuator. This way, it
added a constraint that strengthened flexion, while allowing a slight length
extension of the self-crossing point, caused by the loop interval. This also
kept the reinforcement distributed symmetrically to minimize effects on the
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internal structure’s deformation designed to induce the abduction-adduction
motion.
By combining these two types of fiber reinforcements in series, it could
be possible to control the amounts of length extension and flexion of the in-
ternal structure along the actuator’s length and adjust its response to fit the
kinematics of the assisted finger.
Based on our previous results [39], we shortened the interval between the
reinforcement fibers from 2.0 to 1.5 mm in order to contain the actuators’
deformation better and make them more robust by preventing bulging of the
silicone between fibers. However, the actuators required a higher pressure to
reach specific bending angles as the amount of deforming silicone between
the fibers was reduced.
4.4 Prototype fabrication and evaluation
The functionality of the described actuator and reinforcement designs was
validated by fabricating and testing prototypes. Tested reinforcement layouts
on the MCP and IP chambers are listed in Table 4.3. The spaces between
chambers and on the actuator root and tip were covered with hitching.
TABLE 4.3: Tested reinforcement layouts on the MCP (l =
35 mm) and IP (l = 32.5 mm) chambers.
Reinforcement Type MCP IP
Single loops 24 s 23 s
Two-directional hitching 24 h 23 h
Combined 5 s–14 h–5 s 12 h–3 s–8 h
s = single loops; h = hitching loops.
For the combined reinforcement layout, the amounts of single and hitch-
ing loops on the MCP chambers were chosen so that hitching covered the part
where abduction-adduction and flexion chambers overlapped. Thus, 7.5 mm
on each end of the flexion chamber were freed to extend more in length in or-
der to hold the chamber better on top of the assisted joint. For the IP chamber,
the amounts of hitching loops were chosen based on the joint flexion ratio
described in Equation (4.1). The three single loops between the joints were
approximated to be enough for length extension based on preliminary tests.
Four separate prototypes were fabricated for the tests. In this study, we
tested the MCP and IP parts separately without considering their effect on
each other, although three of the prototypes had both parts. In this section,
we describe how we made the prototypes and how we evaluated and com-
pared them in motion capture and force measurements.
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4.4.1 Fabrication
The actuator fabrication flow can be divided roughly into five steps, shown in
Figure 4.4. A modular mold system, 3D printed from polylactic acid (PLA),
was used for casting the sections of the main actuator body. A vacuum cham-
ber was used to degas the silicone when casting it.
1. Cast MCP part
    with central tube
2. Attach tubing and
    close chambers
3.1. Cast IP chamber and
       attach root holder
3.2. Cast IP chamber bottom
4. Attach IP chamber bottom
    with thin layer of silicone
5. Place reinforcement fiber 
    and attach with silicone
IP c
ham
ber
 bo
ttom
FIGURE 4.4: Actuator fabrication flow. (1) The MCP part is
cast first; and (2) input tubing is attached to it. Abduction-
adduction chambers are plugged with pieces of 4 mm tubing,
and the flexion chamber is closed with glue. (3.1) The MCP
part is placed in the mold, and the IP chamber’s top is cast to
merge with it. The root holder can also be attached at this point.
(3.2) The IP chamber’s bottom is cast simultaneously with the
IP chamber, in a separate mold. (4) The 2 mm thick IP chamber
bottom is then attached to close the chamber. (5) Finally, rein-
forcements are placed on the actuator in the wanted layout and
attached with a thin layer of silicone.
The actuators were fabricated from the two-part platinum curing silicone,
Dragon Skin 10 Slow. Silicone glue, Sil-Poxy, was used for attaching tubing
(PDMS) for pressure input, and 0.7 mm-thick three-strand cotton thread (Fig-
ure 4.3a) was used for the fiber reinforcements.
In the end, the fabrication of a full prototype took approximately 27 hours,
as the silicone was allowed to cure in the molds at room temperature for
seven hours after each casting step. This time could be shortened drastically
by using an oven to cure the silicone. However, we could not do this, as we
used PLA as the mold material. Its glass transition temperature is relatively
low, at 60–65 ◦C, and the molds would have deformed. We only used a heat
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lamp or heat gun during the last step of curing the thin layer of silicone for
fixing the reinforcements in place.
The single loop reinforcements (Figure 4.3b) were made by taking a piece
of cotton thread, approximately three times the length of actuator circumfer-
ence, and separating it into three strands. Each strand was then wound on
the actuator twice around itself, ending up with three single loops. The ends
of each strand were locked in place with a simple reef knot (ABoK #460 [73]).
On the other hand, the two-directional hitching (Figure 4.3c) was made
with a single piece of thread. First, it was locked in place at the root of the ac-
tuator with a reef knot. Then, the alternating left and right half-hitches were
tied by making left-handed and right-handed loops and tightening them
lightly on the actuator, following the guide grooves. The final loop was
locked in place by making a half-hitch with the end of the thread around
itself.
4.4.2 Dummy finger
Although measuring soft actuators’ free motion and constrained force output
on a test rig can be used to compare different actuators to each other, to get
a realistic view of the actuators’ performance, they should be attached to a
finger. Furthermore, if the actuators extend also in length, accurate tip force
measurement becomes difficult due to the deformation. However, accurate
measurement of motion trajectories and torques of a human finger is chal-
lenging due to the soft tissues that cover the underlying skeletal structure,
and the possibility of human influence on the results.
Thus, we designed and manufactured an anthropomorphic dummy fin-
ger (Figure 4.5) that worked as a test bench for measuring how the reinforce-
ments affected the coupled motion and joint angles, and the torques that
the actuators could apply to the finger joints. The MCP joint was a 2-DoF
ball joint, and the IP joints were 1-DoF pin joints. As with the actuators, the
dummy finger’s dimensions (Table 4.4) were based on the collaborating pa-
tient’s index finger.
Coupler
MCP joint
PIP joint
DIP joint
Proximal phalanx
Medial phalanx
Distal phalanxForce / torque
Marker
placement
points
Strap slots
Motion capture
FIGURE 4.5: CAD drawings of dummy fingers for force and
torque measurements (Left) and motion capture (Right). Di-
mensions for the fingers are presented in Table 4.4. The models
are available online at the Thingiverse website [74].
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Two versions of the finger were made, one for force and torque measure-
ments and one for motion capture (Figure 4.5). The fingers were 3D printed
from PLA. The one for torque measurements had holes through the IP joint
centers for wire attachment, while 3-mm reflective markers were attached to
the one for motion capture. CAD files and further details for both dummy
fingers are available online at the Thingiverse website [74].
TABLE 4.4: Dimensions of the dummy finger, based on collab-
orating patient’s hand, and its designed ranges of motion.
Proximal
Phalanx
Medial
Phalanx
Distal
Phalanx
Length (mm) 37 20 18 (+5) *
Width (mm) 16 16 16
Height (mm) 12 10 10
MCP PIP DIP
Joint radius (mm) 8 6 5
RoM (flexion) (◦) 120 120 110
RoM (abduction-adduction) (◦) 30 N/A N/A
* 5 mm added for the strap slot.
4.4.3 Motion capture measurements
For evaluating the prototypes’ response, we connected them to the dummy
finger and measured the finger’s motion with a motion capture system.
The motion capture measurements were made in 1D, meaning that only
one camera for each plane of motion was used. For the flexion measure-
ments, one camera was set on the side of the test setup, perpendicular to
it. For abduction-adduction, two cameras were used, one on top of the test
setup and another in front of it. Figure 4.6 shows the setup.
Flexion angle measurements were done at 0–225 kPa pressures, in 25 kPa
intervals, repeated three times, and their average was calculated. Abduction-
adduction measurements were done in the same manner, with the excep-
tion of maximum pressure being determined from when the joint reached its
30◦ RoM limit.
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(a) (b) (c)
FIGURE 4.6: Motion capture setup, showing prototype with
a combined reinforcement layout. (a) The two cameras were
placed in front and on top of the test bench; (b) MCP flexion
setup at 0 kPa and 225 kPa; (c) abduction-adduction setup at
0 kPa and 145 kPa (30◦).
4.4.4 Joint torque and fingertip force measurements
The goal of the torque measurements was to evaluate how well the different
reinforcement layouts could transfer the actuator’s deformation to forces in
the wanted directions and apply required torques on a finger. The torque
measurement setups are shown in Figure 4.7.
For the MCP joint, the actuators were measured in flexion-extension and
the abduction-adduction direction. The flexion measurements were done at
0◦, 30◦and 60◦ joint angles by placing the force gauge under the finger at the
PIP joint center (Figure 4.7b). Two force gauges were used for abduction-
adduction. The finger was suspended from its PIP joint with a steel wire
attached to one gauge (Figure 4.7d). The secondary gauge was placed on
the side, under the PIP joint, to measure flexion forces. The dummy finger’s
proximal phalanx length, from the joint center to the measurement point, was
r = 37 mm. The force gauges were always kept at a right angle to the finger.
Thus, the torque at the joint was:
τ = rF. (4.2)
The IP joint flexion measurements were done in a similar fashion as the
MCP flexion with the difference of the finger being supported at the proxi-
mal phalanx and the measurement being done at the fingertip (Figure 4.7a).
However, as the actuator was controlling both IP joints at the same time,
the results cannot be considered as a simple joint torque. Thus, we analyzed
them as fingertip force.
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(a) (b)
(c) (d)
FIGURE 4.7: Torque measurement setups for: (a) IP joint flex-
ion; (b) MCP joint flexion at 0◦; (c) MCP joint flexion at 30◦; and
(d) MCP joint abduction-adduction to the right.
The force measurements were done in 0–225 kPa pressure range, with
50 kPa intervals. For MCP joint flexion torque, each measurement was re-
peated three times, and the average was calculated. The minimum pressures
for the angled flexion measurements were different for each prototype. It was
defined as the pressure at which the actuators reached the 30◦ or 60◦ target
angle. For fingertip force in IP joint flexion, the measurements were repeated
six times, and the average was calculated. For abduction-adduction, the mea-
surements were repeated six times to the left and right, and the average was
calculated as a combination of all 12 measurements. This was done to com-
pensate for any imbalances caused by hand-made fabrication between the
actuators’ left and right side.
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4.5 Results
In this section, we present the results for the motion capture and force mea-
surements. Full set of numerical data and more photos of the experiments
are available as supplementary materials of the original publication [68].
4.5.1 MCP joint flexion
The measurement results for MCP joint flexion angles and torques are pre-
sented in Figure 4.8.
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FIGURE 4.8: MCP joint flexion measurement results for (a) joint
angle and (b) torque.
The combined reinforcement layout required lower pressures to flex the
dummy finger’s MCP joint than the other layouts, which had a similar re-
sponse to each other.
The single-loop layout gave the highest maximum torque output at 0◦.
However, the combination layout performed better at 30◦ and 60◦. Further-
more, in agreement with the motion capture results, the combination layout
reached 60◦at a lower pressure than the other layouts.
4.5.2 MCP joint abduction-adduction
The motion capture results showing the MCP joint abduction-adduction an-
gles and fingertip deviation from the top perspective are presented in Fig-
ure 4.9.
The combined reinforcement layout needed a lower pressure to reach the
maximum angle (30◦) of the dummy joint.
Forwards deviation during the motion did not change much between the
different layouts. They all moved forwards approximately 2 cm, 50% of the
sideways motion range. The origin was set to the location of the fingertip at
the beginning of motion. This can be seen as a slightly longer trajectory to
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the left than to the right, as the fingertip started its motion slightly off center
in the measurements.
Measurement results showing MCP joint torques for abduction-adduction
are presented in Figure 4.10, showing a combined average of results to the left
and right.
All reinforcement layouts led to a forwards bending torque (Figure 4.10b),
which agrees with the motion capture results of the fingertip forwards mo-
tion (Figure 4.9b). The response was similar with single loops and hitching,
while the combined layout produced a higher torque to both sideways and
forwards directions.
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FIGURE 4.9: Motion capture measurement results for MCP joint
abduction-adduction to the left and right, showing (a) the joint
angle and (b) fingertip trajectory from above.
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(a) (b)
FIGURE 4.10: Torque measurement results for MCP joint
abduction-adduction in (a) sideways and (b) flexion directions.
The result is the average of measurements to the left and to the
right. Note that the scale for flexion torque is double that of
abduction-adduction.
4.5.3 IP joint flexion
The motion capture results showing the dummy finger’s IP joint angles in
flexion are presented in Figure 4.11.
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FIGURE 4.11: Motion capture measurement results for flexion
of (a) PIP joint and (b) DIP joint.
For PIP joint, hitching and combined layouts gave a similar result with
maximum flexion angles of 69◦ (69% of normal finger RoM) and 68◦ (68%),
respectively. For single loops, the result was almost 10◦ lower at 60◦ (60%).
For the DIP joint, hitching reached a maximum angle of 53◦ (71%), while
single loops and combined both achieved 45◦ (60%). Notably, the single loop
prototype’s response started fastest, but leveled out at 45◦ by 175 kPa, while
the other two had a straighter slope.
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The IP joints’ bending ratio (Equation (4.1)), approximating from the fi-
nal joint angles, was 0.75 for single loops, 0.76 for hitching and 0.66 for the
combined layout. However, the single loop prototype’s DIP joint angle lev-
eled out by 175 kPa. At 175 kPa, the bending ratio was 0.85 for single loops,
but again 0.76 for hitching and 0.66 for the combined layout.
Finally, the fingertip forces for IP joint flexion are presented in Figure 4.12.
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FIGURE 4.12: Fingertip forces for IP joint flexion.
While both the hitching and combined layouts’ response started similarly,
the combined layout reached a higher maximum fingertip force, with a dif-
ference of 0.86 N. The single-loop layout could be inflated only to 175 kPa,
as its length deformation became too large. It reached an average maximum
force output of 5.67 N.
4.6 Discussion
Interestingly, both the single loops and hitching by themselves had a similar
effect on the actuators’ response (Figures 4.8–4.10). The single loops, while
allowing the internal structure to deform more lengthwise to push the finger
forward, did not direct the deformation into flexion as much as expected. On
the other hand, the hitching by itself did not provide enough length exten-
sion, causing the chambers to lag behind the joint centers. This caused the
actuator to clamp itself on the joints, preventing them from flexing.
The combined reinforcement layout performed generally better than the
single loops or hitching alone. The combination of the two modes of restric-
tion allowed the body to extend in length in the parts covered in single loops
to keep the inflated chamber on top of the joint center, while strengthening
bending for the parts that were covered with hitching.
None of the actuator configurations reached the full RoM goals that we
set based on normal finger RoMs (Table 4.1). However, all configurations
passed limits for average functional flexion RoMs, which are commonly used
to evaluate the performance of motion assist gloves [25, 26]. These RoMs
are 61◦ (MCP), 60◦ (PIP) and 39◦ (DIP), reported by Hume et al. [58]. This
means that our current prototypes could be used for assisting most daily life
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grasping tasks (e.g., holding a telephone or a can) that do not require reaching
full RoMs of the joints (e.g., holding a toothbrush).
With the current results, however, we cannot say whether the tested ac-
tuators could be able to reach the normal full joint angles, if inflated fur-
ther. The actuator structures themselves can endure higher pressures, but the
PDMS input tubing we used acted as a bottleneck for the maximum pressure,
as it could only withstand pressures below 250 kPa. Still, as mentioned by
Krishnan et al. [45], all fiber-reinforced actuator configurations will eventu-
ally reach a locked state when inflated to a high enough pressure, preventing
them from deforming further. The slight S-shape that can be observed in all
the flexion angle measurement curves seems to indicate that the actuators
were approaching this limit. This cannot be seen in the abduction-adduction
graphs (Figures 4.9a and 4.10a), as the RoM was limited to 30◦.
In the following sections, we discuss the results for MCP and IP joints
separately, as the internal actuator structure was different for the two parts.
4.6.1 MCP joint assist
For MCP joint flexion, combined reinforcement layout provided the widest
RoM of 84◦ (93% of normal joint RoM (Table 4.1)), while single loops and
hitching reached 66◦ (74%) and 68◦ (76%), respectively. As a comparison, Yap
et al. [31] achieved an MCP joint flexion angle of 79.2 ± 4.1◦ (88%), when
assisting a passive hand with their soft pneumatic glove.
The combined layout prototype also continued applying torque to the
joint better at higher flexion angles. These effects may be due to the sin-
gle loops allowing the internal structure at the ends of the flexion chamber
to extend in length, while hitching caused its center to bend. This kept the
strongly bending part of the chamber on top of the joint. Furthermore, dur-
ing the torque measurements, we observed that constraining the finger from
moving did not cause any of the actuators to slip off or twist it. This showed
that all presented reinforcements combined with the internal structure could
keep their resultant deformation forces perpendicular to the finger through-
out the tested pressure range without interference between them causing
sideways motion or axial twisting.
For abduction-adduction, all layouts reached the 30◦ dummy joint limit
(Figure 4.9). Forwards deviation during abduction-adduction was always
observed in the same magnitude for all prototypes (Figure 4.9b). While the
central input tubing for the IP joint chamber limited the MCP part length ex-
pansion above the abduction-adduction chambers, it could not oppose the
much stronger constraints set by the finger. However, this deviation is small,
when comparing it to the overall motion range of the finger, and could be al-
lowed in a practical application for motion assist. Furthermore, changing the
central tube’s material properties could be used to reduce the interference
from this constraint by strengthening the actuator’s ability to oppose it.
Comparing to the actuator prototypes in our previous study [39], the cur-
rent actuators’ torque output reached similar values for flexion at 0◦. How-
ever, for the angled flexion measurements, the response was clearly weaker.
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This was probably due to the tighter reinforcement interval and the flexion
chamber being much more restricted by the silicone and central input tube
under it. However, pressures at which the actuators reached 30◦ and 60◦were
similar to the previous results. The abduction-adduction torque values were
between the weakest and strongest prototypes from the previous study. This
was expected, as the abduction-adduction chambers were made shorter than
the previously strongest prototype and longer than the weaker ones.
4.6.2 IP joint assist
For the IP joint flexion, the prototypes could not reach the set normal finger
RoMs of 100◦ and 75◦ for the PIP and DIP joint, respectively. The single loops
prototype reached 60% for both joints. With hitching, the results for both
joints were 70% of the requirement, while combined layout could obtain 68%
and 60% for PIP and DIP joint, respectively. For comparison, Yap et al. [31]
reached passive hand assist flexion angles of 84.3 ± 6.8◦ (84%) for PIP and
46.4 ± 9.9◦ (62%) for the DIP joint (bending ratio of 0.55). Thus, at least with
the current geometry and limited range of tested parameters combined with
the limited maximum pressure, the joints cannot reach the required flexion
angles. We believe the full normal IP joint RoMs with these reinforcements
could be achieved by improving the internal geometry (e.g., relative wall
thicknesses) and the materials used based on established methods [36,40–44].
Interestingly, comparing the summed maximum joint angles (105◦ for sin-
gle loops, 122◦ for hitching and 113◦ for combined), the combined layout’s
result was between the other two, but it provided the highest maximum fin-
gertip force. This was probably due to the single loops in the middle making
the prototype transfer the forces more effectively to the dummy finger, while
it was constrained to a straight posture in the force measurement. The single
loop prototype’s weakness was clearly due to the excessive length extension,
which caused its response to deteriorate at a relatively low pressure.
Finally, the relative bending ratios (Equation (4.1)) of 0.75–0.85 for sin-
gle loops, 0.76 for hitching and 0.66 for the combined layout show that by
combining the two types of reinforcement in different ratios, it is possible to
adjust the relative IP joint bending rate. However, the relationship was not
straightforward between the bending ratio and the relative amount of hitch-
ing loops for each joint. Factors affecting this may have been, e.g., the amount
of length extension the single loops provided between the joints and/or the
dummy joint geometry, as they had different diameters to imitate the dimen-
sions of a real finger. Thus, further in-depth investigation is needed in order
to determine the exact connections between these variables.
4.6.3 Future work
In this study, we did not test in detail the effects of changing the amount
of single loops in the combined reinforcement layout, or different chamber
alignments and dimensions. Optimizing these essential parameters could
be best done through simulations using finite element analysis. This would
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hasten the design process and enable patient-specific tailor-made actuator
fabrication.
We left out the consideration of extension, as we saw its implementation
in a rehabilitation device to be mutually exclusive with flexion. However, to
accommodate the different patients’ needs, we see the combination of exten-
sion and abduction-adduction worth studying in the future.
Furthermore, the thumb plays an important role in daily life manipula-
tion tasks, and its rehabilitation is essential for full recovery. We believe
that the presented actuator structure and reinforcement layouts could also
be modified for thumb motion assistance by providing multidirectional con-
trol of the thumb’s carpometacarpal joint. However, a major challenge is to
couple the actuator’s motion effectively to the first metacarpal bone, as it is
surrounded by a thick layer of soft tissues.
Finally, patients with hand disabilities often have abnormal stiffness in
their joints, which makes it an essential part of the dynamics of hand reha-
bilitation. Thus, a dummy hand system could be augmented with adjustable
stiffness to provide a realistic test bench for evaluating the actuators’ ability
to counter it.
4.7 Conclusions
In this study, we proposed two new ways of placing reinforcements around
fiber-reinforced elastomer actuators: single loops and two-directional hitch-
ing. Our goal was to use them and their combination on a new design of
a multi-chamber actuator structure to enable full finger motion assist, while
suppressing interference between its flexion and abduction-adduction func-
tions that are structurally connected. The fiber reinforcements’ effects were
evaluated by producing prototypes, connecting them to a dummy finger and
measuring the resultant joint motion and force output.
Based on our results, we infer that the introduced fiber reinforcement
layouts can be used in combination with a multi-chamber structure to ad-
just actuator response to fit the assisted fingers’ kinematics, while reducing
unwanted flexion during abduction-adduction and sideways deviation and
twisting during flexion.
In the next chapter we provide a proof of concept for applying the actua-
tors for 5-digit motion assist of a real hand. We will scale the actuators to fit
each finger, and combine them into a full motion-assist glove, which is tested
for its ability in achieving the target 6-pack motions.
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Chapter 5
Hand assist glove implementation
5.1 Preface
In this chapter we provide a proof of concept for the applicability of the de-
veloped actuator structures for rehabilitation and motion assist.
The chapter consists of material that has not yet been published. It is how-
ever partially based on research by Shiota et al. [75] from the same research
group. In that research an initial version of the glove was prototyped. This
design is described in Section 5.3.1 of this chapter.
5.2 Introduction
In the previous chapters we showed that our actuator prototypes could move
dummy fingers in both flexion-extension and abduction-adduction directions,
and provide reasonable RoM and torque output for the joints. However, with
the dummy fingers the actuator–joint connection can be achieved easily by
using tight straps and a rigid test bench. In order to apply the actuators in
real hand motion-assist, they need to be connected to a hand that has soft tis-
sues, which weaken the coupling between the actuators and the underlying
skeletal structure. Furthermore, user comfort needs to be taken into account.
5.2.1 Related research
Several other groups have tested their soft motion-assist actuators in full 5-
digit assist gloves. In one of the first full glove studies, Noritsugu et al. [57]
used a work glove as a base and had the actuators attached by sewing them
on fabric straps. More recently, both Yap et al. [25] and Cappello et al. [76]
have used sophisticated glove structures that have hook-and-loop fasteners
and straps to connect the actuators on a tailor-made base glove, with different
sizings for various hand sizes.
These previous gloves are, however, made with the aim of providing
hand–actuator connection and support mainly in flexion-extension direction.
Thus, there is a lack of previous research on providing the necessary coupling
and support for the actuators in abduction-adduction direction.
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5.2.2 Goals
In this final implementation, our goal was to show that the results would be
applicable also when connecting the actuators to a human hand. For this,
we aimed to design and prototype a full 5-digit glove that would couple the
actuators to the hand efficiently and with enough grasping power to pick up
some daily life objects. Also, in order to apply the actuators for the whole
hand, we needed to scale them to fit each one of the subject’s fingers and the
thumb.
5.3 Design and prototyping
5.3.1 Initial prototypes and patient collaboration
Previously we have developed several initial glove prototypes to test and
demonstrate the actuators’ function on human hands. A full hand version
was reported in [75], shown in Figure 5.1(a). In this prototype the connection
to the hand was provided by a thermoplastic orthosis on the forearm and
back of the hand, and hook-and-loop straps around the fingers. The MCP
and IP joints of each digit were assisted with fiber-reinforced multi-chamber
elastomer actuators, while a parallel link setup of traditional McKibben type
actuators were used for moving the thumb CMC joint.
(a) (b)
FIGURE 5.1: Previous glove prototypes. (a) 5-digit prototype
with multi-chamber flexion actuators for each digit and a par-
allel link mechanism of McKibben actuators for thumb support,
connected to a forearm orthosis [75]. (b) 4-finger glove with 3D-
printed straps and actuator holders.
From 2017 we also started collaboration with a young male patient with
left-sided hemiparesis. The patient had a clear weakness and lack of control
in his left hand. Also, his PIP joints tended to hyper-extend, similar to a
swan neck deformity, which led to further difficulties in joint control. From
this collaboration we got essential feedback for improving the glove design.
Firstly, the patient preferred an open design instead of a full glove, as a
full glove is more difficult to don on a hand that is partially flexed and lacks
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control. This operation is basically one-handed. The patient used and had
no problems donning a wrist watch. This indicated that using straps to close
the glove on the hand would be a viable solution.
A prototype with 3D-printed wrist watch -like straps (Figure 5.1(b)) was
tested and the patient seemed more content with the donning procedure.
However, this prototype still lacked a softer interface between the patient,
actuators, and their rigid supporting connectors. Furthermore, hook-and-
loop straps were used for coupling the actuators to the fingers. Although
achievable by the patient, this was noted to be the most time-taking pro-
cedure during donning. In separate tests we also concluded that, if placed
incorrectly, the straps could cause pain to the subject, when the finger would
get squeezed between the straps and an expanding actuator.
Based on these initial tests we defined our final prototype glove’s require-
ments, described in the next section.
5.3.2 Requirements
The design of the final implementation glove was based on the following
requirements:
• 5-digit support with multi-chamber actuators, including thumb CMC
joint;
• Effective actuator motion coupling to the digits;
• Support and stable anchoring for actuators;
• User comfort;
• Ease of donning the device with only one hand.
Control of the full system was left intentionally as future research, be-
cause control system design for soft actuators is in itself a major field of study
in Soft Robotics. Thus, a simple feed-forward control was used to define the
input pressures for the actuators in experiments.
5.3.3 Final prototypes
The final prototype glove designs were a combination of rigid and soft com-
ponents. They consisted of a base glove and an orthotic structure. With this
we aimed to anchor the actuators firmly to the hand, while providing user
comfort. We made three iterations of the final glove; the first one had support
only for index finger and thumb, while the second and third were made with
actuators for all five digits.
The actuators for all gloves were fabricated as shown previously in Chap-
ter 4, Figure 4.4. Some minor changes were made to structure and materi-
als. Firstly, the distance from the proximal chamber to the rigid root con-
nector was shortened from 1 cm to 0.5 cm to allow for easier adjustment of
the chamber center on the joints. Secondly, the thumb actuator’s abduction-
adduction chambers were changed from 20 mm to be the same length as the
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flexion chamber (35 mm). Furthermore, the material of the actuator body
was changed to Dragon Skin 10 NV (Smooth-On Inc.) due to its easier cast-
ing and shorter curing time. However, some material’s properties changed
(Table 5.1), which made the actuators’ body slightly stiffer, possibly reducing
its durability.
TABLE 5.1: Material property differences between NV and
Slow versions of Dragon Skin 10 silicone [54].
Material Pot life(min)
Cure time
(h)
Elongation
at break
(%)
Tensile
strength
(MPa)
100%
modulus
(MPa)
Slow 45 7 1000 3.275 0.152
NV 15 1.25 663 2.758 0.186
The reinforcement fibers were still attached with Dragon Skin 10 Slow to
ensure overall actuator durability and firm attachment of fibers even with
large displacements. This made the actuator structure more complex, as now
it consisted of four silicones with different material properties, including the
input tubing and the thin layers of silicone glue used for its attachment.
First iteration
The first iteration prototype was hand-made to fit a healthy male subject’s
LL-sized hand. The actuators were scaled to match his left hand’s dimen-
sions, listed in Table 5.2.
TABLE 5.2: Healthy test subject’s hand size (LL) for final imple-
mentation.
Bone Little(mm)
Ring
(mm)
Middle
(mm)
Index
(mm)
Thumb
(mm)
DP 22 25 27 25 30
MP 23 30 33 30 N/A
PP 45 55 55 50 40
MC 55 65 65 65 45
DP = distal phalanx, MP = medial phalanx,
PP = proximal phalanx, MC = metacarpal.
The back of the glove (Figure 5.2) consisted of a soft neoprene sheet cov-
ered with fabric. This acted as an interface between the hand, the actuators,
and the rigid socket structure around the hand. Palm side of the glove was
left open and the tip part for each digit consisted of a hood (cut from an-
other glove) that covered the finger from the tip to halfway of the proximal
phalanx. The actuators were placed inside slightly stretchable fabric pouches
that were sewn tightly on top of the neoprene glove.
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(a) Side view. (b) Palmar view.
FIGURE 5.2: First full glove prototype (LL size) with a rigid
orthotic structure strapped on top of a purpose-made soft glove
with a neoprene body. Palm side was left open to make one-
handed donning of the glove easier and to provide cooling.
The rigid socket was made of 3-mm thick thermoplastic sheet, intended
for use in e.g. orthotics. The sheet was cut in shape, heated in hot water, and
molded on top of the subject’s hand to have it fit tightly, but comfortably. It
was connected to the hand by hook-and-loop straps. We aimed to minimize
the socket size to improve user comfort an wrist mobility, while providing a
firm anchoring point for the actuators. 3D-printed adjustable adapter blocks
were used to couple the actuators from their rigid root to the socket.
Second iteration
The second iteration prototype (Figure 5.3) was designed for the same healthy
subject after testing the first one and finding its flaws. Firstly, the neoprene
base material was discarded for being too stiff and restrictive for finger mo-
tions. Instead, a ready-made light glove was chosen and modified to have
its palm side open for donning. Second, the palm was made so that it would
be closed during use, thus providing better support for hand–actuator cou-
pling. Third, the thumb actuator’s rigid root connector was removed to be
able to attach the actuator further back on the CMC joint. Only the sewn-on
fabric pouch was used for connecting the actuator. And finally, the same or-
thotic support was used, but it was cut smaller to be less obstructive to hand
motions.
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(a) Palm side, glove open. (b) Palm side, glove open with hand.
(c) Palm side, glove closed. (d) Backside, glove closed.
FIGURE 5.3: Second iteration prototype (LL size) based on a
modified ready glove. Palm side was cut open for easier one-
handed donning, but made to be closed to improve hand–
actuator coupling. Thumb actuator connector was removed to
have the actuator placed further back on the CMC joint.
Third iteration
The final, third iteration glove (Figure 5.4) was made for the collaborating pa-
tient, who had an S-sized hand. Although we had made our prototypes and
dummy fingers based on his left index finger in our previous study (Chap-
ter 4), we remeasured his whole hand to make sure that the actuators fit as
well as possible (Table 5.3).
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(a) Palm side. (b) Backside.
FIGURE 5.4: Third full glove prototype (S size) made for the pa-
tient. The actuator pouches were left open over the chambers to
allow larger actuator deformation. Straps were made narrower
and connectors smaller to fit the smaller hand.
TABLE 5.3: Patient’s hand size (S) for final implementation.
Bone Little(mm)
Ring
(mm)
Middle
(mm)
Index
(mm)
Thumb
(mm)
DP 19 23 20 20 25
MP 20 25 25 25 N/A
PP 36 35 40 37 30
MC 40 45 53 55 35
DP = distal phalanx, MP = medial phalanx,
PP = proximal phalanx, MC = metacarpal.
Besides the difference in size, the third iteration glove had several essen-
tial changes that improved its performance and made it more scalable. We
left the actuator pouches open over the chambers to allow for maximal ac-
tuator deformation in order to achieve higher joint angles. The connectors,
which held the actuators in place from their proximal end, were redesigned
to be smaller to allow the actuators to be placed on smaller hands. The straps
that held the orthosis in place were also downsized to be less obstructive and
comfortable. And finally, the buttons on the side for closing the glove were
replaced with simple hooks for easier donning.
5.4 Evaluation
Evaluation of the glove prototypes was done with human subjects. Healthy
subjects and a patient participated in the experiments. Informed consent was
obtained from all the subjects. For the patient experiments, the patient and
his family approved all experiments and a medical doctor in charge of the
patient’s treatment was present.
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5.4.1 Range of motion
The two first gloves were evaluated by testing achievable RoMs, while the
healthy subject was wearing them. For the first iteration prototype, the exper-
iment was conducted with the index finger and thumb actuators connected
to the glove. The second iteration prototype had all five actuators attached.
We measured the achieved RoMs for each joint at a maximum pressure of
225 kPa. Joint angles were measured by hand with a protractor, and photos
were taken of the digits’ motions. During the experiments, we asked the
subject to keep his hand as passive as possible when it was moved by the
actuators.
We also tested the actuators’ ability to perform simultaneous adduction
and flexion of the MCP joint. This was done by first inflating the adduc-
tion chamber to maximum pressure, and then doing the same to the flexion
chamber.
5.4.2 Daily life object manipulation
The second and third iteration prototypes were also evaluated by having the
test subjects pick up daily life objects, shown in Figure 5.5. The objects were
intentionally chosen to be relatively large in size to evaluate thumb and fin-
ger abduction motion.
FIGURE 5.5: Daily life objects used in the experiment. Clock-
wise from left: 500 ml water bottle (557 g), tape roll (97 g), hole
punch (319 g), Finnish baseball (163 g), lacrosse ball (144 g).
The healthy subject was asked to keep his hand as passive as possible,
while moving only his arm to reach for the objects, and pick them up after the
actuators were inflated to achieve grasping. On the other hand, the patient
was not asked to keep his hand passive, as he already had initial weakness in
its control. This way we could see the glove’s effect on the disability. Notably,
in the patient experiments the little finger actuator was not connected due to
time limitations for preparations. However, this did not seem to affect the
results visibly, comparing to the second iteration glove experiments.
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The object holding success was evaluated by turning the hand in different
directions and shaking it lightly to see whether the grasp was stable or if the
objects would drop.
5.4.3 Actuator input control
Actuator pressure was controlled with four regulators (SMC ITV0050-2ML),
which were connected to the actuators’ inputs in different combinations. The
regulator outputs were adjusted through Labview on a computer.
First iteration glove experiments were done by controlling each actuator
input separately.
For the second iteration prototype, instead of controlling each chamber
separately, we defined four combinations of inputs to control the five actua-
tors in order to achieve the target motions. The four inputs included: 1. and
2. finger MCP and thumb CMC joint abduction and adduction, 3. MCP and
CMC joint flexion, and 4. IP joint flexion.
For the patient experiment with the third iteration glove, we changed the
inputs to be: 1. finger MCP flexion, 2. finger IP flexion, 3. thumb full flexion,
and 4. all digits abduction.
In all experiments, the middle finger’s ulnar deviation was defined as
abduction and radial deviation as adduction.
5.5 Results
5.5.1 First iteration glove
Results of the joint maximum angle measurement with the first iteration pro-
totype are presented in Table 5.4. The actuators clearly moved the index
finger and thumb joints, although in a much smaller RoM than in our pre-
vious studies with the dummy fingers. Notably however, the inflation of the
thumb proximal flexion chamber did not result in CMC joint flexion. Instead,
it caused a 20◦ flexion of the thumb MP joint.
TABLE 5.4: Maximum joint angles for the first iteration 2-digit
glove prototype, with the corresponding chambers inflated to
225 kPa.
Digit MCP/CMCflexion (◦)
MCP/CMC
abd/add (◦)
PIP/MP
flexion (◦)
DIP/IP
flexion (◦)
Thumb N/A * 10/15 50 20
Index 50 5/10 40 20
*For thumb, proximal flexion chamber inflation caused only
MP joint flexion of 20◦, and did not move the CMC joint.
Photos of the motions that were achieved by inflating single chambers
are presented in Figure 5.6. Due to the small RoM, some of the motions, e.g.
thumb abduction and adduction, are difficult to distinguish in the photos.
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(a) Thumb CMC flexion. (b) Thumb straight. (c) Thumb MP/IP flexion.
(d) Thumb adduction. (e) Thumb straight. (f) Thumb abduction.
(g) Index MCP flexion. (h) Index straight. (i) Index IP flexion.
(j) Index adduction. (k) Index straight. (l) Index abduction.
FIGURE 5.6: Joint motion photos for (a)–(c) thumb flexion, (d)–
(f) thumb abduction-adduction, (g)–(i) index flexion, and (j)–(l)
index abduction-adduction.
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Result photos from simultaneous inflation of adduction and flexion cham-
ber for the index finger, and both flexion chambers for the index finger and
thumb, are presented in Figure 5.7.
(a) Index straight. (b) Index adduction. (c) Index adduction and flex-
ion.
(d) Index full flexion. (e) Thumb full flexion.
FIGURE 5.7: (a)–(c) Combined adduction and flexion of index
finger, and (d) & (e) full flexion with both flexion chambers for
index finger and thumb.
5.5.2 Second iteration glove
Range of motion
The achieved RoMs for the 5-digit second iteration glove prototype are pre-
sented in Table 5.5.
With the revised glove the thumb CMC joint flexed, when its correspond-
ing chamber was inflated. However, its RoM still stayed very small compar-
ing to the full possible RoM of a healthy hand. Also, abduction-adduction
function lost some RoM with the change.
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TABLE 5.5: Maximum joint angles for the second iteration 5-
digit glove prototype, with corresponding chambers inflated to
225 kPa.
Digit MCP/CMCflexion (◦)
MCP/CMC
abd/add (◦)
PIP/MP
flexion (◦)
DIP/IP
flexion (◦)
Thumb* 10 (+10) 5/5 (-5/-10) 40 (-10) 20 (±0)
Index* 80 (+30) 10/10 (+5/±0) 40 (±0) 25 (+5)
Middle 80 5/5 45 25
Ring 80 10/10 45 20
Little 80 15/10 50 20
*Improvement from first iteration glove in parentheses.
The MCP joint flexion RoM was greatly improved (+30◦) comparing to
the first iteration glove prototype.
Abduction-adduction function seemed to work for all the fingers, although
not reaching maximal possible angles.
IP joint flexion stayed approximately the same as with the previous it-
eration, and was shown to be reproducible also for middle, ring, and little
fingers.
Photos of the second iteration glove motion experiments are presented in
Figures 5.8–5.10.
(a) Straight. (b) MCP/CMC abduction. (c) MCP/CMC abduction
and flexion.
FIGURE 5.8: Second iteration glove combined adduction and
flexion of all digits, palmar view.
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(a) Straight, side view. (b) MCP flexion. (c) IP flexion.
(d) Full flexion. (e) Abduction, straight. (f) Abduction, actuated.
(g) Adduction, straight. (h) Adduction, actuated.
FIGURE 5.9: Finger motion photos for second iteration glove.
(a)–(d) finger flexion, (e)–(h) finger abduction-adduction.
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(a) Thumb straight. (b) CMC flexion. (c) IP flexion.
(d) Full flexion. (e) Abduction. (f) Adduction.
FIGURE 5.10: Thumb motion photos for second iteration glove.
(a)–(d) thumb flexion, (e) & (f) thumb abduction-adduction.
Daily life object manipulation
Picking up and holding the daily life objects was partially successful. The
results are summarized in Table 5.6.
TABLE 5.6: Daily life object manipulation results for healthy
subject with second iteration glove.
Object
Picking up
success
(O/∆/X)*
Holding
success
(O/∆/X)*
Water bottle O ∆
Tape roll O O
Hole punch ∆ ∆
Baseball O X
Lacrosse ball O ∆
*O: no problems, ∆: some trouble, X: unable or dropped
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The subject was able to pick up all the objects with only the force that was
generated by the actuators. However, the hole punch was only possible to
pick up with a hook grip, which enables moving it, but does not envelop it
in a stable grasp. The hole punch was the most difficult object to pick up and
hold, as it was relatively heavy and wide, while being smooth painted metal
with only little friction. For the balls, they were possible to pick up, but as
the thumb did not move enough into abduction, the grasp was not stable.
The object holding was most successful for the tape roll. It was light and
the grasp alignment was optimal for it with the fingers hooking around it
and the thumb pressing from the side.
For the water bottle, the grasp was stable enough so that the bottle did
not drop even when shaken lightly, as the thumb enveloped around it. We
tested also opening the cap to see if the grasp was strong enough to hold the
bottle in place. However, the actuators did not provide enough force and the
bottle rotated in the holding hand.
As mentioned before, the hole punch could only be picked up with a hook
grasp and thus was dropped by turning the hand.
For the balls, the grip was not stable, as the thumb CMC joint was not
able to abduct and flex enough to properly oppose the fingers. The heavier
and lower friction baseball slipped almost immediately, when the hand was
turned to face downwards. The approximately 20 g lighter, slightly smaller
diameter lacrosse ball stayed better in the hand, as its rubber surface pro-
vided better friction. However, by shaking the hand palm down it was also
dropped. This showed that the actuators were not able to exert enough force
to hold the balls only with the fingers.
Modification to actuator pouches
In the end we tested whether opening the actuator pouches could improve
the IP joints’ limited RoM. We cut the little finger actuator’s pouch from on
top of the distal chamber (Figure 5.11) and tested how this affected the RoM
at maximum pressure of 225 kPa. The results are shown in Table 5.7.
TABLE 5.7: Maximum RoM for IP joints with little finger actua-
tor pouch cut open; chambers inflated to 225 kPa.
Digit PIP flexion (◦) DIP flexion (◦)
Little* 95 (+45) 80 (+60)
*Improvement in parentheses.
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FIGURE 5.11: Little finger actuator pouch was cut open over
the distal chamber, which improved the RoMs. However, the
actuator moved away from the finger.
5.5.3 Third iteration glove
The experiments with the third iteration glove were mainly done with the
collaborating patient who had left hand weakness.
Notably, wearing the glove limited the hand’s initial mobility due to ac-
tuator stiffness. This stabilized the finger joints and reduced the effect of the
patient’s swan neck deformity -like hyper-extension of the PIP joints.
Daily life object manipulation
Manipulation tasks with the patient gave similar results (Table 5.8) as with
the healthy subject wearing the second iteration glove. Selected photos of the
experiment can be seen in Figure 5.12.
TABLE 5.8: Daily life object manipulation results for patient
with third iteration glove.
Object
Picking up
success
(O/∆/X)*
Holding
success
(O/∆/X)*
Water bottle O ∆
Tape roll O O
Hole punch ∆ ∆
Baseball O ∆
Lacrosse ball O ∆
*O: no problems, ∆: some trouble, X: unable or dropped
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(a) Water bottle. (b) Tape roll.
(c) Hole punch. (d) Baseball.
(e) Thumb flexion. (f) Laqrosse ball without glove.
FIGURE 5.12: Selected photos of the patient experiments with
the third prototype glove. Excessive actuator deformation can
be seen, when the held object limits RoM.
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Although the RoMs were wider with the opened actuator pouches, the
forces for holding the objects were limited. This was evident with the water
bottle, which was possible to pick up easily, but could not be opened with
the healthy hand, as it kept rotating in the holding hand.
Similar problems as before with grasping and especially holding the ob-
jects were seen, as the thumb was still unable to move properly into opposi-
tion. Grasping the heavy and slippery hole punch was still only possible with
a hook grip or lateral pinch (Figure 5.12(c)). Also, holding the balls without
having them eventually slip out of the hand was challenging.
After the experiment with the glove, we asked the patient to grasp the
same objects without wearing the glove (Figure 5.12(f)). Although his dis-
ability limited the control and RoM, he was able to grasp the objects better
than with the glove. This was due to better control over the thumb motions,
which enabled grasping around the objects and getting a more stable grip.
The patient reported not feeling any pain throughout the experiment, al-
though the actuators deformed sometimes excessively due to the grasped
objects limiting the RoM.
Modification to glove over web space
During the patient experiments we noted that the base glove could be re-
stricting the thumb motions. Thus, we tested cutting the glove open over the
web space between the thumb and index finger (Figure 5.13).
(a) Before cut. (b) After cut.
FIGURE 5.13: The third prototype glove was modified by cut-
ting it open over the web space. This improved the free RoM of
the CMC joint abduction by approximately 10◦.
The effect of this modification was tested with a healthy female subject,
whose hand was similar in size to the patient’s. The subject abducted her
thumb as far as possible before and after the cut. The difference in maximal
CMC joint abduction RoM was approximately 10◦.
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5.6 Discussion
5.6.1 Glove performance and improvements
Based on the results, we can say that our multi-chamber actuator design is
applicable also in real hand motion-assist. The actuators could be used to
perform both flexion-extension and abduction-adduction motions separately
and simultaneously.
For the first iteration prototype glove, a major reason for the limited RoMs
was that the backside of the glove restricted the motions, especially in flex-
ion direction, as the neoprene sheet’s stretchability was limited. This was
clearly improved in the second iteration by changing the base glove mate-
rial to a lengthwise stretchable fabric, which allows maximum flexion, while
constraining the actuator to stay close to the hand.
However, the second iteration prototype still had similar issues especially
with the CMC and IP joints. The problem was shown clearly in the ball grasp-
ing experiment, where the thumb was not able to fully oppose the fingers
to form a stable grasp. Furthermore, the limited IP joint flexion led to the
achieved grasp being too weak to hold the balls with only fingers.
With the third iteration glove, we were able to improve the IP joints’ flex-
ion close to their natural maximum RoM by cutting the actuator pouches.
This enabled the actuators to slide and deform more freely on top of the fin-
gers. However, this also made the actuators move away from the assisted
finger at higher inflation pressures, causing a reduction in assisting forces
that were transferred to the hand. Thus, there is still a need for optimizing
the pouch structures. This could be done by changing the pouch material
to a more advanced one that would be better stretchable only in lengthwise
direction at specific points along the actuator.
The current version of the motion-assist glove provides only a limited
RoM for abduction-adduction and for all thumb CMC joint motions. Consid-
ering the results in Chapter 4.5, where we tested the prototypes on a dummy
finger, the actuators should be able to provide a wider RoM. We believe this
difference is caused by the structure of the glove implementation, soft tissues
on the hand, and related issues with actuator–hand connection.
For abduction-adduction this difference is due to the actuators sliding
away from the joints, as they do not have enough sideways support. The
glove structures should provide more support in sideways direction to cou-
ple the actuator motion to the MCP and CMC joints and hold it better on
them.
Still, we can say that the actuators with the current glove could be used
to do four of the six exercises listed in Chapter 1.2, although with limited
RoM. The excluded motions are PIP joint flexion separately from DIP joint,
and thumb opposition. Still, we believe these motions can be achieved rel-
atively easily. By splitting the IP chambers into two, as shown previously
in [75], we can gain separate control over the two joints. On the other hand,
to achieve thumb opposition, the CMC joint motion RoM needs to be im-
proved to have the thumb reach the other fingers. We believe this could be
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achieved by changing the way the actuator is connected to the glove. How-
ever, if a modification to the glove does not fix the problem, there may be a
need to design a more specialized actuator structure for CMC joint assist.
Our experiment for picking up and holding objects showed the (still lim-
ited) applicability of our glove in practice. Here, we tested the glove’s per-
formance in assisting a completely passive healthy hand to show its ability
to re-enable the wanted motions for a fully limp hand. Then, we showed
that similar results can be achieved on a partially disabled patient’s hand, al-
though in the end he could pick up and hold objects better without the glove
as it limited the thumb’s RoM. However, an advantage of wearing the glove
was that it limited the patient’s fingers’ swan neck deformity -like PIP joint
hyper-extension by supporting the joints.
To better show whether the glove could assist actual disabled hands we
would need to perform similar tests as e.g. Cappello et al. [76] or Yap et
al. [25]. Cappello et al. [76] used the Toronto Rehabilitation Institute Hand
Function Test [77] to compare spinal cord injury patients’ performance in ma-
nipulating various objects with and without their 5-digit flexion-extension
assist glove. Yap et al. [25] did a similar limited pilot study with stroke pa-
tients, comparing the time to perform specific tasks with and without their
5-digit flexion glove. Both related studies showed improvement in grasping
performance with the glove comparing to without the glove.
5.6.2 Future work
In the future, the natural direction is to move towards further patient collab-
oration to test the actuators’ usability in real rehabilitation scenarios. This
would show whether the design is applicable on hands with disabilities that
may cause e.g. muscle and joint stiffness, and limited joint RoM.
However, there are still several points of improvement for the glove struc-
ture that should be addressed before continuing to clinical trials. These in-
clude:
• Better coupling of actuator motion to hand, especially for thumb;
• Optimization of the actuator structural parameters to improve force
and RoM output;
• Further consideration of actuator scaling for different hand sizes;
• 5th metacarpal motion support to achieve opposition of little finger and
thumb;
• Material improvements to make the system more comfortable and durable.
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5.7 Conclusion
In this chapter we provided a proof of concept for our actuator design by
testing their function on a human hand. We prototyped and tested a motion-
assist glove that can hold five actuators, one for each digit, and tested its
performance in moving the thumb and index finger.
The results showed that the actuators are able to move also real human
digits in both flexion-extension and abduction-adduction directions. Thus,
we showed that the multi-chamber design is applicable in real hand motion
assist. Still, the coupling of the actuators’ motion to the digits could be im-
proved further.
With a modification to the actuator connecting pouches, we got the flexion
RoMs to be even better than by strapping the actuators to a dummy finger.
However, this weakened the transfer of forces, as the actuators moved away
from the fingers. Thus, the glove needs to be developed further to improve
the actuator–hand connection. Also, possibly a different actuator structure
needs to be developed to provide motion assist specifically for the thumb
CMC joint, if its assisted RoM cannot be improved by modifying the glove.
In the next chapter we conclude the thesis, and discuss its implications
and future work.
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Chapter 6
Conclusions and future work
6.1 Preface
In this Doctoral project we set out to develop pneumatic fiber-reinforced
elastomer actuators to enable full set of rehabilitation motions for the fin-
gers and the thumb, i.e. flexion-extension of all three joints of each digit, and
abduction-adduction of the 2-DoF MCP and CMC joints. With this aim, we
explored the design and prototyping of novel multi-chamber actuators struc-
tures, and developed new types of fiber-reinforcements for these actuators to
enhance and modify their function. Finally, we integrated the actuators into
a wearable soft rehabilitation glove to provide a proof of concept.
6.2 Summary of contributions
We took a step closer to enabling a diverse set of motions for hand assist, and
showed that it is possible to include abduction-adduction function to soft
robotic motion-assist gloves.
The novelties and contributions of the project were:
1. Design and evaluation of novel multi-chamber actuator structures and
reinforcement layouts for motion-assist actuators;
2. Enabling motion assist in the abduction-adduction and flexion-extension
directions simultaneously;
3. Development of evaluation methods for motion-assist actuators.
Furthermore, we believe the findings can be used elsewhere in the field of
Soft Robotics in a wide variety of applications that are not specific to motion-
assist gloves for rehabilitation. These kinds of applications include for ex-
ample the combination of rigid and soft robotics, or interaction between soft
robotic manipulators with the constraints set by the environment. On the
other hand, the application of this type of wearable devices for entertain-
ment (e.g. force-feedback in virtual reality) could provide incentive to invest
in the technologies, giving their development more momentum.
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6.3 Future work
In this project we provided the basis for enabling diverse functionality for
motion-assist gloves by developing a fundamental design for the actuators
that could be used for this. However, the actuators are only one of the mul-
tiple subsystems of a complete usable product. Other subsystems that were
not considered here are, for example:
• Control system to coordinate the full set of motions for rehabilitation
exercises;
• Portable pressure generation for home-use;
• User intention detection and feedback;
• Interface for the patient and/or rehabilitation professional to control
and monitor the exercises and their progress.
Furthermore, the following essential considerations were left out of the
scope of this thesis:
• Simulation of actuator response to optimize different critical structural
parameters;
• Active actuation in extension direction instead of only passive exten-
sion;
• Scalability of actuator and glove design for any patient;
• Long term clinical trials on patients with various disabilities;
• Manufacturing the actuators and glove faster and in larger batches to
make them viable as a medical device.
In this project the actuators were fitted on bigger than average hands and
finally on the patient’s small hand. However, to be able to apply the glove
system generally for any patient, actuator scaling needs to be studied further.
Previous studies have shown that it is possible to make strong actuators also
in smaller scale. However, there may be scaling limitations set by especially
the fabrication methods. Thus, for example additive manufacturing meth-
ods (3D-printing soft materials) seem promising in this perspective, as they
enable fabrication of smaller arbitrary geometries.
A usual comment from therapists is that the glove should also enable ac-
tive extension, as one of the prevalent effects of hand disabilities is a claw-like
posture of the hand, caused by involuntary flexion of the digits. In this Doc-
toral project we considered only active flexion, as we saw it to be mutually
exclusive with extension. However, in the future we will also be considering
the implementation of extension as an active mode of actuation in our device
to make it usable by patients with different disabilities.
Finally, we plan to make the system usable for at-home rehabilitation
by making it portable, easy to use by non-professionals, and cheap. This
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would improve the accessibility of the exercises, as the patients could do
them whenever they have time, without having to go to the clinic to receive
therapy.
6.4 Conclusion
In conclusion, we can say that this project contributed to the field of reha-
bilitation and motion-assist robotics by taking one small step towards im-
plementing a versatile wearable system that could be used for rehabilitating,
supporting, or augmenting the human body’s function. There are still many
more steps to take to get these devices for wide use by real patients and get-
ting the benefits for the society overall, but we believe this will happen in the
near future.
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